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1.0 SUMMARY

1.1 Contract Description

This contract focused on the physics of phase-conjugate gyroscopy and the devel-
opment of the phase-conjugate fiber-optic gyro. The efforts studied a unique approach in
which phase conjugation was used to coriect for modal scrambling in fiber-optic gyros
without the need for polarization-preserving fibers and couplers. This involved both theo-
retical and experimental studies of photorefractive phenomena and novel phase conjugators,
especially mutually pumped and self-pumped conjugators.

1.2 Scientific Problem

-~ Phase-conjugate gyroscopy is a new area promising significant advances in state-
of-the-art inertial navigation. tindef this contract we” demonstrated the first phase-
conjugate fiber-optic gyros (PCFOG?') and their ability to use low cost multimode fiber
components. As a direct result of the contract efforts,)t/he development of the PCFOG is
now at the stage where Iits sources of noise and drift can be isolated, and its competitive-
ness with conventional fiber optic gyros can be tested. To come to this stage in develop-
ment, several scientific and technical issues had to be resolved. For example, to correct
for the modal scrambling of multimode fibers, the theory and practice of polarization pre-
serving conjugators that worked at milliwatt power levels had to be developed and tested.
Another issue was the mutual collerence requirement for two beams interacting with a self-
pumped conjugator that at first restricted the PCFOG from using the most desireable form
of biasing (fast phase modulation). This issue was resolved only recently when a new class
of phase conjugators (mutually pumped conjugators) was developed that have the ability to
operate with mutually incoherent beams. Almost as quickly as the first mutually pumped
conjugators were discovered, this contract demonstrated the first PCFOG to use one. In
addition to, and in the process of developing the PCFOQG, this contract investigated several
new photorefractive phenomena. [

1.3 Progress Summary

There were many areas of significant progress achieved under this contract that
are directly related to the development of the phase-conjugate fiber-optic gyro. These
include:

I
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First measurement of the Sagnac phase shift in a phase-conjugate fiber-
optic gyro.

First demonstrations of rotation sensing with multimode fiber gyros using

both self-pumped and mutually pumped conjugators.

First measurements of the properties of a mutually pumped phase-conjugate

ring interferometer including,

1

measurements of the outputs indicating a Sagnac nature
- no measurable nonreciprocal effects introduced by the conjugator
- dependance on spatial intensity profiles

- output power vs crystal position for the bird wing conjugator indicating
hysteresis

- conjugate reflectivities vs beam ratios indicating gain in reflection
- measurement of a nonreciprocal phase shift (Faraday effect)
- correction of modal scrambling in fibers by both polarization preserving

and nonpolarization preserving phase-conjugation with the bird wing
conjugator

demonstration of image subtraction.

First measurement of a nonreciprocal phase shift (Faraday effect) in a
double phase-conjugate interferometer.

Development of self-pumped and externally-pumped polarization-preserving
phase-conjugate mirrors that operate at milliwatt power levels.

2
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First demonstration and theoretical modelling of the correction of
polarization and modal scrambling in multi-mode fibers by polarization-

preserving phase conjugation.

First measurements of the phase of phase-conjugate reflections, and the
phase shifts of photorefractive gratings.

In addition to the progress mentioned above, we have also carried out other

interesting scientific research and have achieved many significant results. These include,

Developmen? of models for mutually pumped phase conjugation,

Theory of two-beam coupling in cubic photorefractive materials indicating
the possibility of cross-polarization coupling.

Analysis of nondegenerate two-wave mixing in ruby.

First demonstration of gain and oscillation with the bird-wing mutually

pumped conjugator.

Theory of frequency shifts in photorefractive resonators
Resonator mode! of seif-pumped phase conjugation
Theory of photorefractive conical diffraction, and

Theory and experimental design of image addition and subtraction in a

phase-conjugate Michelson interferometer.

Details of this progress are presented in Section 2.0, and in the publications

included in this report as Appendices.

3
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1.4 Special Significance of Results

Three of the areas of progress noted in the previous section are of special
significance in that they are not restricted in their use to the phase-conjugate fiber optic
gyro. (1) The polarization-preserving phase-conjugate mirror opens a whole new area of
interferometry with multi-mode fibers. The significance of this work was recently ac-
knowledged when it appeared as a news item in the "Recent Research" section of Optics
News (August 1987, page 39). (2) Measurements of the phase of the phase-conjugate reflec-
tion can be used to determine the phase shift (with respect to the intensity pattern) and the
type of gratings (index, absorption, gain, or mixture) involved in degenerate four wave
mixing in nonlinear media. Proper selection of nonlinear media will allow the construction
of phase-conjugate interferometers that "self-quadrature" for high sensitivity and linear re-
sponse. The phase shift of phase conjugators also plays an important role in the frequency
shift of double phase-conjugate resonators. (3) Our studies on cross-polarization two-beam
coupling resulted in the invention of a new filter/amplifier concept that represents a sig-
nificant advance in the state-of-the-art. The filter/amplifier is wavelength and bandwidth
tunable, with potential for extremely narrow bandwidth, it has a wide field-of-view (many

degrees), and is simpler than schemes using four-wave mixing.

1.5 Publications and Presentations

Publications

»*

"Coupled-Mode Theory of Hologram Sharing in Mutually Pumped Phase Conjugators,"”
Pochi Yeh, to appear in Appl. Opt. (1989),

*  "Photorefractive Two-Beam Coupling in Cubic Crystals. II. General Case (¢ # =/2),"
Pochi Yeh, J. Opt. Soc. Am. B 5, 1811 (1988).

*  "Model for Mutually Pumped Phase-Conjugation," Pochi Yeh, Tallis Y. Chang, and M.
D. Ewbank, J. Opt. Soc. Am. B 5, 1743 (1988).

*  "Cross-Polarization Photorefractive Two-Beam Coupling in Gallium Arsenide," Tallis
Y. Chang, Arthur E. Chiou, and Pochi Yeh, J. Opt. Soc. Am. B 5, 1724 (1988).
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*  "Nondegenerate Two-Wave Mixing in Ruby," lan McMichael, Pochi Yeh, and Paul
- Beckwith, Opt. Lett. 13, 500 (1988).

"Externally Pumped Polarization-Preserving Phase Conjugator,” [an McMichael, J. Opt.
Soc. Am. B 5, 863 (1988).

"Phase-Conjugate Multimode Fiber Gyro," lan McMichael, Paul Beckwith, and Pochi
Yeh, Opt. Lett. 12, 1023 (1987).

"Image Distortion in Multimode Fibers and Restoration by Polarization-Preserving
Phase Conjugation," Paul Beckwith, lan McMichael, and Pochi Yeh, Opt. Lett. 12, 510
(1987).

"Correction of Polarization and Modal Scrambling in Multimode Fibers by Phase-
Conjugation," lan McMichael, Pochi Yeh, and Paul Beckwith, Opt. Lett. 12, 507 (1987).

. "Phase Shifts of Photorefractive Gratings and Phase Conjugate Waves," [an McMichael
and Pochi Yeh, Opt. Lett. 12, 48 (1987).

"Self-Pumped Phase-Conjugate Fiber-Optic Gyro," lan McMichael and Pochi Yeh, Opt.
Lett. 11, 686 (1986).

*  "photorefractive Conical Diffraction in BaTiO3," M. D. Ewbank, Pochi Yeh and J.
Feinberg, Opt. Comm. 59, 423 (1986).

"Polarization-Preserving Phase Conjugator,” lan McMichael, Pochi Yeh and Monte
Khoshnevisan, Opt. Lett. 11, 525 (1986).

"Absolute Phase Shift of Phase Conjugators," lan McMichael, Pochi Yeh and Monte
Khoshnevisan, Proc. Soc. Photo-Opt. Instrum. Eng. 613, 32 (1986).

*  "Parallel Image Subtraction Using a Phase-Conjugate Michelson Interferometer," A. E.
T. Chiou and Pochi Yeh, Opt. Lett, |1, 306 (1986).
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"Phase-Conjugate Fiber Optic Gyro," Pochi Yeh, lan McMichael and Monte
Khoshnevisan, Applied Optics, 25, 1029 (1986).

"Frequency Shift of Self-Pumped Phase Conjugator,” M. D. Ewbank and Pochi Yeh,
Proc. Soc. Photo-Opt. Instrum. Eng. 613, 59 (1986).

"Theory of Unidirectional Photorefractive Ring Oscillators," Pochi Yeh, J. Opt. Soc.
Am. B2, 1924 (1985).

"Frequency Shift and Cavity Length in Photorefractive Resonators," M. D. Ewbank and
Pochi Yeh, Opt. Lett. 10, 496 ,1985).

Presentations

"Multimode Fiber Gyro Using a Mutually Pumped Conjugator," lan McMichael, Paul
Beckwith, and Pochi Yeh, presented at the Annual Meeting of the Optical Society of
America, Santa Clara, CA, October 31 - November 4, 1988,

"Recent Advances in Photorefractive Nonlinear Optics," Pochi Yeh, invited paper

presented at the Laser Materials and Laser Spectroscopy Meeting, Shanghai, China,
July 25 (1983).

"Two-Wave Mixing in Nonlinear Media," M. Khoshnevisan, A. Chiou, T. Chang, M.
Ewbank, I. McMichael, and P. Yeh, presented at the International Conference on
Nonlinear Optical Phenomena, Ashford Castle, Ireland, May 2-6, 1988.

"Phase-Conjugate Ring Interferometer," lan McMichael, M. D. Ewbank, and Pochi Yeh,
presented at the Conference on Lasers and Electro-Optics, Anaheim, CA, April 25 - 29,
1988.

"Phase-Conjugate Multimode Fiber Gyro," lan McMichael, Paul Beckwith, and Pochi
Yeh, presented at the topical meeting on Photorefractive Materials, Effects, and
Devices, Los Angeles, CA, August 12-14, 1987.
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\':
"Correction of Polarization and Modal Scrambling in Multimode Fibers by Phase
Conjugation, " lan McMichael, Pochi Yeh, and Paul Beckwith, presented at the
Conference on Lasers and Electro-Optics, Baltimore, Maryland, April 27 - May 1, 1987.

"Double Phase-Conjugate Fiber-Optic Gyro," lan McMichael and Pochi Yeh, presented
at the Annual Meeting of the Optical Society of America, Seattle, WA, October 19-24,
1986; summary published in J. Opt. Soc. Am. A 3, 63 (1986).

"Measurements of the Phase of Phase-Conjugate Reflections,”" lan McMichael, Pochi
Yeh and Monte Khoshnevisan, Paper FDD4, presented at the International Conference
on Quantum Electronics, San Francisco, CA, June 9-13, 1986; summary published in J.
Opt. Soc. Am. B 3, 214 (1986).

"Phase-Conjugate Interferometry and Applications," Quantum Electronics Seminar,
University of Southern California, March 5, 1986.

"Absolute Phase Shift of Phase Conjugators,” lan McMichael, Pochi Yeh and Monte
Khoshnevisan, presented at O-E LASE'86, Los Angeles, CA, January 19-24, 1986.

"Phase-Conjugate Fiber Optic Gyro," Pochi Yeh, lan McMichael and Monte
Khoshnevisan, presented at the Annual Meeting of the Optical Society of America,
Washington, D.C., October 14-18, 1985; summary published in Opt. Soc. Am. A 2, P67
(1985).

"Scalar Phase Conjugation Using a Barium Titanate Crystal,” lan McMichael and
Monte Khoshnevisan, presented at the Conference on Lasers and Electro-Optics,
Baltimore, Maryland, May 20-24, 1985.

* Works only partially supported by this contract.
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2.0 PROGRESS

2.1 Phase-Conjugate Fiber-Optic Gyros

Since its first demonstration under this contract, the phase-conjugate fiber-optic
gyro (PCFOG) has made steady progress. This progress is summarized below and is
descrided in detail in the publications that are included in this report as appendices.

Our first objective was to demonstrate that the PCFOG is sensitive to the
nonreciprocal phase shift produced by the Sagnac effect and can be used to sense rotation.
A proof of concept experiment was set up for this objective using an externally-pumped
crystal of barium titanate as the phase conjugator. This experiment, reported in Ref. 1
(Appendix 4.16), provided the first demonstration of rotation sensing with a PCFOG.

In the proof of concept demonstration of the PCFOG mentioned above, the length
of the fiber-optic coil, and therefore the sensitivity of the gyro, was limited by the
coherence length of the laser. To solve this problem we set up a PCFOG consisting of a
Michelson interferometer in which the light beams from two arms travel as clockwise and
counterclokwise btams respectively, in the same fiber optic coil and reflect from the same
self-pumped phase-conjugator. We reported the demonstration of rotation sensing with this
PCFOG in Ref. 2 (Appendix 4.11).

Since phase conjugation can correct for modal scrambling, a PCFOG can use
multimode fibers.  However, complete correction of modal scrambling requires a
polarization-preserving conjugator and the corresponding experimenial setup of a PCFOQG is
complicated. To solve this problem we set up a PCFOG using a multimode fiber coil, a
nonpolarization-preserving conjugator, and a spatial filter to discriminate against the
portion of the light reflected by the conjugator that does not correct for modal
scrambling.  This experiment, reported in Ref. 3 (Appendix 4.7), provided the first

demonstration of rotation sensing with a PCFOG using multimode fiber.

The demonstrations of PCFOG's described above used a quarter-wave retarder for
biasing. This biasing technique is known to be a source of noise and drift. The preferred
biasing technique in interferometric fiber-optic gyros is to use a fast (faster than the
rountrip time in the fiber coil) phase modulation at one end of the fiber coil. In our first
demonstrations of PCFOG's it was not passible to use this technique due to the requirement
of mutual coherence between the two beams entering the photorefractive phase conjugator.

8
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However, the recently discovered mutually pumped phase conjugators (MPPC's)“"6 provided
a solution to this problem. (For information on MPPC's see Section 2.5.1). The MPPC's
have the unique ability to generate the conjugates of two beams that are mutually inco-
herent. To test this concept we set up the PCFOG shown in Fig. | using the bird-wing
MPPC. Light from a laser was coupled onto a rotating table by a single mode polarization-
preserving fiber SMPPF. The light exiting from tthe fiber was split into two components by
the polarizing beamsplitter PBS. One component traveled in a multimode fiber MMF, and
both components were eventually became the pumping beams for the bird-wing MPPC in a
crystal of BaTiO3. Although the coherence length of the laser was much shorter than the
path length difference between for the components entering the BaTiO4 crystal, the MPPC

was able to generate the conjugates of the two components,

8CaG4Te

LASER

SMPPF
c L

BaTiO,

Fig. | Multimode fiber gyro using a mutually pumped phase conjugator.

Figure 2 shows representative gyro signals obtained from detectors Dl and D2.
For the upper trace, the gyro was first stationary, then it was rotated clockwise, stopped,
and then rotated counterclockwise for several cycles with an amplitude of approximately
6°/s. The experimentally measured phase shift was in good agreement with the predicted
phase shift. The background noise level with the gyro stationary is shown in the lower trace

9
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Fig. 2

Gyro signals.

(vertical scale is 10 times more sensitive). We are not certain of the noise source, but we

have preliminary data indicating that it is due to the Shupe effect.7

Efforts are now
underway to minimize the Shupe effect in our PCFOG by quadrature winding and thermal
isolation of the fiber coil. The results of our studies of the PCFOG using a MPPC were
presented at the 1988 Annual Meeting of the Optical Society of America.8

and viewgraphs from that presentation are included in this report as Appendix 4.20.

The summary

2.2 Phase-Conjugate Ring Interferometer

The PCFOG is essentilly a ring interferometer utilizing a long fiber-optic coil to
increase the accumulated Sagnac phase shift. Before setting up the PCFOG with the MPPC
as described in the previous section, we first investigated the simpler phase-conjugate ring
interferometer (PCRI) shown in Fig. 3. Incident light was split by beamsplitter BS into two
beams that entered a bird-wing MPPC. Light incident on one side of the bird-wing MPPC
exits from the opposite side. In this sense, the MPPC acts like a reflector and, conse-
quently, the PCRI acts like a Sagnac interferometer. For a Sagnac interferometer, with no
nonreciprocal phase-shifts present, the percentage of power at the subtractive output is
given by,

(1 - 4RT ) x 100% (1
where R and T are the intensity reflection and transmission coefficients of the beamsplit-

ter. For our beamsplitter with T = 2/3, R = 1/3, Eq. (1) gives 11.1%. We found, after taking
extreme care to insure good overlap of the two beams in the MPPC, that 11.7% of the total

10
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Fig. 3 SUBTRACTIVE | ,o-
. o OouTPUT i
Phase-conjugate ring interferometer. P
INPUT
——— \
s
ADDITIVE BS
power exits from the subtractive output OUTPUT MPC

port of the PCRI; thus verifying its 4RT

Sagnac nature. This contrasts what oc-
curs when the MPPC is replaced by a
self-pumped conjugator where less than

19 exits from the subtractive output.9

Unlike the Sagnac interferom- M
eter, the PCRI has a wide field-of-view
and can be used to perform image inversion, addition and subtraction. We demonstrated
this by placing transparencies in the arms of the PCRI. Figure &(a) shows the image
inversion obtained for an image of five horizontal bars, and Fig. 4(b) shows the subtraction
of five horizontal bars and one vertical bar.

$C44760

IMAGE INVERSION IMAGE SUBTRACTION

IMAGE #1 IMAGE #2
IMAGE

INVERSION SUBTRACTION

Fig. 4 Image inversion and subtraction with the phase-conjugate
ring interferometer.

11
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A second PCRI was set up as shown in Fig. 5. Incident light is split into two
linear polarization components by polarizing beamsplitter PBS, one component is rotated by
90° by the half-wave retarder 1/2, and both components are incident on a bird-wing MPPC.

INPUT
OUTPUT

M

Fig. 5 Another phase-conjugate ring interferometer.

Figure 6 shows the reflected output power (squares) and polarization angle 8R
(crosses) as a function of the polarization angle of the incident beam 8« Due to the half-
wave retarder in the PCRI, the x (y) component of the input becomes the y (x) component of
the output. This is represented by the solid line, e = 90° - ¢}, that fits well to the
crosses. One should note that although the optical setup of this PCRI looks much like the
polarization-preserving phase-conjugator described in the following section, it does not pre-
serve polarization (ie. the reflected and incident polarization angles are not equal). For g >
80°, corresponding to intensity ratios >32 for the beams incident or the MPPC, the MPPC
stopped working.

To demonstrate that the PCRI could be used to measure nonreciprocal phase
shifts, we placed a Faraday modulator in the PCRI as shown in Fig. 7. For a voltage of 0.4
V applied to the modulator, we measured a change in the output polarization corresponding
to a nonreciprocal phase shift of 20 mrad. This is exactly what one would predict based on
the polarization rotation (10 mrad) produced by the Faraday modulator for the same
voltage.

12
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We also studied the correction of modal scrambling in multimode fibers using the
MPPC in the experimental setup shown in Fig. 8. Incident light was first split into two
beam by beamsplitter BS. One beam was incident on one side of the MPPC and the other
beam was input into a multi-mode fiber. Due to modal scrambling, the emerging light from
the fiber is randomly distributed among the spatial and polarization modes of the output.
This output was split into its polarization components by polarizing beamsplitter PBS, one
component was rotated by 90°, and both were then incident on the other side of the MPPC.
The combination of components PBS, 1/2, and MPPC act as a polarization-preserving conju-
gator, so that when the reflected waves from the MPPC recombine at the PBS they formed
a true time reversed wave. When this wave propagates back through the multimode fiber it
will have the same polarization as the beam that was incident on the fiber. To test this we
sent linearly polarized light into the fiber with a polarization at 45° to the plane of the
figure, and with a major to minor axis ratio of 10* Gie. nearly linearly polarized). The
measured output polarization was at (45¢1)°, with a major to minor axis ratio of 102;
indicating that this arrangement corrected for the modal scrambling of the fiber to within
19%. We also looked at the case when one of the two polarization components from PBS was
blocked (nonpolarization-preserving case). In this case, measured output polarization was
again (45¢1)°, but the major to minor axis ratio decreased to lOl; indicating that this
arrangement does not do as good a job of correcting for the modal scrambling of the fiber
as the previous case.

Fig. 8 Setup to demonstrate correction of modal scrambling in fibers
by a polarization preserving, mutually pumped phase conjugator.

14
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The results of our investigations of phase-conjugate ring interferometers were

presented at the 1988 International Quantum Electronics Conference.lo The summary and
viewgraphs from that presentation are included in this report as Appendix 4.22.

2.3 Polarization-Preserving Phase-Conjugators

As noted in the previous section, complete correction of modal scrambling re-
quires a polarization-preserving conjugator (PPPC). With this motivation we developed the
first PPPC that operates at milliwatt power levels. The PPPC works by decomposing an in-
cident light beam into its two polarization components, rotating one with a half-wave re-
tarder, and reflecting both from the same conjugator. When the reflected components re-
combine they form a conjugate wave that has the same polarization as the inciden’ beam.
Our report of this development is contained in Ref. 11 (Appendix 4.13) and Ref. 12 (Appen-
dix 4.6).

2.4 Correction of Moda) Scrambling in Multimode Fibers by Phase-Conjugation

We investigated both theoretically and experimentally the correction of modal
scrambling in multimode fibers by phase conjugation and reported our results in Ref, 13
(Appendix 4.9) and Ref. 14 (Appendix 4.8). A summary of our results is presented here.
When polarized light is incident on one end of a long multimode fiber, the light exiting from
the other end is randomly distributed among the spatial and polarization modes. Recovery
of the spatial and polarization modes of the incident light takes place only when the
conjugator at the fiber output preserves polarization on reflection. However, if the fiber
supports a large number of spatial modes and one uses spatial filtering to look at only the
light returning in the same spatial mode as the incident light, then one will see nearly
complete polarization recovery, even when only one polarization component is conjugated
at the output of the fiber. This is a result of the fact that light returning down the fiber
that is orthogonal in polarization to the inpuut is randomly distributed among all of the
spatial modes.

2.5 Phase Shifts of Photorefractive Gratings and Phase-Conjugate Waves

The phase of the phase-conjugate reflection determines the operating point of
phase-conjugate interferometers such as the PCFOG. With the proper choice of nonlinear

15
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media, these interferometers can be biased at the operating point of highest sensitivity and
linear response (quadrature). With this motivation we studied the phase shifts of photore-
fractive gratings and phase-conjugate waves. Our results are presented in Ref. 15 (Appen-
dix 4.10) and Ref. 16 (Appendix 4.14), and summarized here.

In four-wave mixing, the phase of the phase-conjugate wave contains the phase of
the pumping and probe waves, and a phase shift determined by the nonlinear medium. This
second term, the phase shift of the phase conjugator ¢, is a function of the type of grating
(refractive index, absorption, or gain) and the phase shift of this grating e with respect to
the light interference pattern. For kerr media (index grating, ¢, = 0°) ¢ ~ 90°, and for

~ 390°) ¢q ~ 0° or 180°.

8
photorefractive media (index grating, °g

Measurements show that the two-wave mixing gain in barium titanate is an asym-
metric function of frequency detuning, indicating that @g is not exactly 90°, as is often
assumed. The value of ¢, obtained from the two-wave mixing measurements compares well

8
with that obtained from four-wave mixing measurements of ¢.

2.6 Photorefractive Phenomena

2.6.1 Theory and Model of Mutually Pumped Phase Conjugation

Many phase-conjugate mirrors have been reported in the literature. One way to
classify these conjugators is by their method of pumping, and the corresponding number of
main beams incident on the nonlinear medium. There are at present at least three classes
in this classification scheme; (1) externally pumped phase conjugators (three beams inci-
dent), (2) self-pumped phase conjugators (one beam incident), and (3) mutually pumped phase
conjugators (two beams incident). Figure 9 illustrates the class known as mutually pumped
phase conjugators (MPPC's). Two beams, Al and A3, are incident on a nonlinear material,
and their conjugates, A3 and A4 respectively, are generated. Although MPPC's were pre-

dicted several years ago, their demonstration is very recent.t"6

Presently, a lot of
attention is being focussed on MPPC's for a number of reasons. Perhaps the most important
reason is the ability of the MPPC to operate with mutually incoherent beams, and the
resulting implications for applications such as the phasse-conjugate fiber-optic gyro, phase-
conjugate communications, In this section we summarize progress in the areas of theory

and modelling of MPPC's that was made under this contract.
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We have developed a theory that explains the operation of MPPC's. 17 The details
of this theory are presented:in the preprint of our paper which is attached as Appendix 4.1,
and a summary of this theoivy is presented here. To obtain an understanding of MPPC's,
first consider what happens when only one beam, A, is incident on a photorefractive cry-
stal as shown in Fig. 10(a). Light scattered in the crystal forms gratings with the incident
beam and is amplified by two-beam coupling. This results in a broad fan of light, A3, that
exits from the crystal. When a second beam, A,, is turned on, an interesting thing happens.
Initially, the two beams will fan into each other as shown in Fig. 10(b). Each of the two
fanning beams A3 and A, can be decomposed into two components, a component that is the
conjugate of A and A,, respectively, and a component that is orthogonal to the conjugate,
or nonconjugate. Using coupled mode theory, we have shown that the exponential gain co-
efficient for the conjugate component is twice that of the nonconjugate component. (This
factor of two is reminisent of that which explains the phase-conjugate nature of stimulated
Brilloin scattering.) Although the initial fanning indicates that the total power carried by
the nonconjugate components dominates in the beginning, the higher gain for the conjugate
component eventually causes nearly all of the power carried by the fanning beams A3 and
Ay to collapse into the conjugate waves A * and A,*, respectively as shown in Fig. 10(c) In
the end, the incident beams share a single grating or hologram which diffracts A to pro-
duce the conjugate of A,, and diffracts A to produce the conjugate of A|. Therefore, this
model of MPPC's is often referred to as "hologram sharing."

We have also studied a new resonator model for MPPC's illustrated in Fig. 11.
Crystal Cl and its pumping beam A, are oriented such that two-beam coupling is the source
of gain for the counterclockwise oscillation B, in the ring resonator formed by mirrors M1-
M3. Similarly, C2 and A, provide gain for the clockwise oscillation B,. Readout by B, of
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the grating written by A and B, produces the conjugate A, * by four-wave mixing, provided
that B, = B,*. Similarly, readout by B, of the grating written by A, and B, produces the
conjugate A,*. The condition B, = B * will be satisfied whenever the counterpropagating
oscillations occupy the same spatial modes. For example, this can be accomplished by
placing an aperature in the cavity to restrict both of the counterpropagating oscillations to
the lowest order mode. We have demonstrated and studied a resonator MPPC using two
separate crystals of BaTiO3.18 The resonator model and experiments are described in
detail in Appendix &.3.

2.6.2 Cross-Polarization Coupling in Cubic Photorefractive Crystals

Two-beam coupling usually refers to a process in which two beams of the same
polarization exchange energy in a photorefractive crystal. We have developed a theory and
performed experiments demonstrating the possibility of cross-polarization two-beam coupl-
ing in which two beams of same polarization can interact to generate a beam of crthogonal
polarization in cubic photorefractive crystals. This is a result of the fact that the
photorefractive gratings are in general birefringent due to the tensor nature of the electro-
optic effect. In general, cross polarization coupling is not possible in non-cubic crystals,
since the optical anisotropy of these crystals will not allow for phase matching except along
certain special directions. The unique property of cross polarization coupling - that the
presence of a pump beam can transform the polarization of the probe - has potential appli-
cations in optical-image and -signal processing (e.g., spatial light modulators and narrow
band filters). Details of the theory and experiments on cross-polarization coupling are
presented in Refs. 19, 20 (Appendix 4.2) and Ref. 21 (Appendix 4.4).

2.6.3 Artificial Photorefractive Effect in Ruby

In two-wave mixing, the interference of two light waves results in a spatial
modulation of the optical susceptibility of some medium. The two waves then interact
through this grating, and net energy transfer between the two waves takes place when the
grating is shifted in phase with respect to the interference pattern. Energy transfer is
observed in photorefractive media, where a phase shift of approximately 90° results from
the grating formation process.22 In other media where the grating is usually in phase with
the interference pattern, it is possible to produce a phase shift vetween the grating and the
interference pattern, and to observe energy transfer, by moving the grating at a rate
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comparable to the response time of the medium. This can be accomplished in several ways:
by nondegenerate two-wave mixing (NDTWM or "artificial photorefractive effect™) in which
a frequency shift between the interacting waves results in a moving interference pattern,
by moving the medium itself,23 or by using the Lorentz force to move the free-carrier
grating in a semiconducting medium.2* NDTWM takes place in such stimulated scattering
processes as Rayleigh line, Brillouin, Rayleigh wing, and Raman scattering. In these
processes, the corresponding nonlinearity is increased by the resonant Q, Q = f/af (for
backward SBS in CS2, Q ~ 100). However, since the corresponding nonlinearities (Kerr
effect where a change of polarizability of individual molecules is due to field-induced
deformation and reorientation, and electrostriction and absorptive thermal nonlinearities)
are very small to begin with, the power densities required to observe these effects are still
very large (~ 10 MW/sz). It is therefore surprising that NDTWM in saturable resonant
media has not been investigated extensively, since the corresponding nonlinearities can be
many orders of magnitude higher and the power densities required can be many orders of
magnitude lower. To our knowledge in the past there were only two reports of such investi-

gations; oone using sodium vapour25

and another using a fluorescein-doped glass.26 Our
studies involved NDTWM in ruby.27 We have shown that our results are in agreement with
the theory of NDTWMZE when it is generalized to take into account a complex nonlinear
index, we have demonstrated two-wave mixing gain exceeding the absorption and reflection
losses, indicating that NDTWM can be used for optical amplification, and we have pointed
out that these experiments provide a simple and accurate method for determining the
complex nonlinear index, response time, and saturation intensity. The details of our studies

on NDTWM in ruby are presented in Appendix 4.5.

2.6.4 Photorefractive Conical Diffraction

A linearly polarized beam incident on a photorefractive crystal can cause a cone
of light to emerge with polarization orthogonal to that of the incident beam. The cone angle
1s determined by the phase-matching condition for the incident and cone beams. Measure-
ment of the cone angle as a function of the incident angle provides a simple and accurate
method for determining the dispersion of the birefringence in photorefractive crystals.
Details of our theoretical and experimental investigations into the phenomena of conical
diffraction are presented in Ref. 29 which is included in this report as Appendix 4.12.
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2.6.5 Frequency Shifts in Photorefractive Oscillators and Conjugators

Photorefractive oscillators exhibit a frequency difference between the oscillating and
pump beams on the order of one Hertz, and they oscillate over a large range of cavity
detuning despite their narrow gain bandwith. We have developed a theory showing that
nondegenerate two-wave mixing results in a phase shift that compensates for the cavity
detuning; thus explaining the previously mentioned properties of photorefractive
oscillators. The details of our theory and its experimental verification are presented in
Ref. 30 (Appendix 4.18) and Ref. 31 (Appendix 4.19).

The reflection from most photorefractive, self-pumped phase conjugators differs
in frequency from the incident beam by approximately one Hertz. We have developed a
theory and carried out supporting experiments to explain such frequency shifts. In our
model, oscillating beams build up in a resonant cavity formed by external mirrors or crystal
faces, and these beams provide the pump waves for four-wave mixing. The frequency shifts
of the oscillating beams and reflected beam are proportional to the cavity length detuning
as noted above. Details of our theory and experiments are presented in Ref. 32 which is
included in this report as Appendix 4.17.
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COUPLED-MODE THEORY OF HOLOGRAM SHARING IN MUTUALLY
PUMPED PHASE CONJUGATORS
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COUPLED-MODE THEORY OF HOLOGRAM SHARING
IN MUTUALLY PUMPED PHASE CONJUGATORS

Pochi Yeh
Rockwell International Science Center

Thousand Oaks, CA 91360

Abstract

A coupled-mode theory is developed for photorefractive hologram sharing in
mutually pumped phase conjugators. The theory shows that the spatial gain coefficients

for the mutually conjugated beams are twice as large as those of other scattered beams.
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Mutually pumped phase conjugators (MPPCs) are nonlinear optical devices in
which two incident laser beams can mutually pump each other and produce phase-
conjugated beams inside photorefractive crystals. Such phase conjugators operating in
the degenerate regime were first studied theoretically[ in terms of self-oscillations in a
four-wave mixing process. Recently, these mutually pumped phase conjugators were
demonstrated experimentally using two incoherent laser beams in barium titanate

2-4

crystals. These MPPCs with mutually incoherent beams can be explained by the

hologram-sharing model” or the resonator model.®

The hologram-shari;{g mode!l proposed earlier,5 provides a very good explana-
tion of the phenomenon of mutually pumped phase conjugation in photorefractive
crystals. The model is based on the fact that cross washout of index gratings generally
occurs except when two sets of beams share the common hologram. Although the mode!
gives a very clear picture of the physical mechanisms involved in MPPC, no quantitative
results are given to describe the growth of the phase-conjugated waves. In this paper,
the author presents a coupled-mode analysis for the hologram-sharing mode! of the

mutually pumped phase conjugators.

Referring to Fig. I, let us consider the interaction of two sets of beams in a
photorefractive medium. Beam | and beam 2 are mutually coherent; beam 3 and beam &
are also mutually coherent. But beam 2 and beam 3 (or 2 and 4) are mutually

incoherent. The electric fieid can be written as

1(u.t-F..r) (l)

j=1

2
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where Al' AZ' A3, A, are the complex amplitude of the four waves, Wy Wy, wy, wy are the
angular frequencies, and ky, k,, E3, k, are the wavevectors. The frequencies of the

beam satisfy the following condition:
wl=w2*w3=u4 (2)

This condition indicates that beams | and 2 are mutually coherent, beams 3 and &4 are
also mutually coherent. In addition, these two sets of beams are mutually incoherent.
Inside the photorefractive medium, these four beams intersect and form volume
holograms. We assume that beams | and 2 enter the medium at the face z = 0, and
beams 3 and & enter the medium from the back face z=L. If we assume that the
frequencies are very different such that (w3 - w;) 1 >> | (where 1 is the photorefractive

grating decay time), the fundamental component of the index grating can be written

AR 21 T A;A4e'iK43 r
¢ i + c.cC. (3)
[o]

where [ is proportional to the total intensity and is given by
2 2 2 2
Io = [A1S + 1ALC + |A5]° + [A,] (4)

and K21 and K43 are the grating wavevectors

Ky =E2-k1 . K43=E4-E3 (5)
3
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and c.c. denotes the complex conjugate term. We note that there are only two
contributions to the index grating since beams | and 2 are incoherent with respect to
-

beams 3 and 4. If !(21 is distinct from K43, then the coupled mode equations can be

written

d 1 2
R TR A UL A

d 1 2

a7 P = 3 plAT R

d .1 2 (6)
0z P3 = - 3 vg3lAglTA3/L

d o 2,

3z Pa s 3 aslRlTA

where y,; and v,y are coupling constants. In deriving the coupled-mode equations, we
assume that the photorefractive medium operates by diffusion only so that ¢ = /2. In
addition, we neglect the material absorption. We notice that there are two sets of two-
beam coupled-mode equations in Eq. (6). In other words, the two sets of beams undergo
two-beam coupling independent of each other, except the denominator I, which accounts
for the cross washout of the gratings due to the presence of the other set of beams. The
cross washout is a result of two gratings sharing the same volume of photorefractive

medium.

When id = -Kl and EZ = -§3 , the wavevectors of the two gratings are

identical, 1.e.,

= K (7)

y
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the coupled-mode equations can be written

d 1 * *

az M1 T o3 v [RAL + ARG AL

4 a = L ata + ATA) A/

dz "2 2 Y M1 T T3 Mo

SRy = 3y IRy + AL AT ®
L O W T WA N2

dz 4 27 1737 1720 3%

where v = yy| = v, is the coupling constant. We notice that there are two terms on the
right side of each equation in (8). Each term represents Bragg scattering from one
grating. Since these two gratings have the same wavevector, they contribute equally to

the Bragg scattering. If in addition,

P-4
n

o A (9)

W *— »

where o is an arbitrary constant, then the two terms in the square brackets in Eq. (8) are

identical, and the coupled equations become
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i 2 ;
Ap = -v IR AT

ala alo.
N N

. 2
R LY
(10)

2
Ay = v 1A41%Ay/1

N N

_ 2
SEIATNL W

Let us assume that beams 2 and 4 are the ones that get amplified due to two-
beam coupling (i.e., y > 0). We now examine the spatial growth of beams 2 and 4. The
exponential growth constant for these two beams in Egs. (10) is twice as large as that of
the same beams in Egs. (6) as a result of the hologram sharing. This factor of 2 is

reminiscent of the theoretical proof of the phase-conjugated nature of SBS.7'8

[t was
shown that the gain coefficient for the conjugated wave in SBS is twice that of any other
scattered wave.” In photorefractive media such as BaTiO3 or SBN, the exponential gain
coefficient can be as large as 40 cm'l.lo Thus in a sample of | cm, the ratio between
the gain of mutually phase conjugated beams and that of the randomly scattered beams
can be as large as a factor of exp (20). This enormous factor indicates that the mutually

phase conjugate beams are the dominant ones in terms of spatial growth and that the

conjugated beams can be generated from the noise.

In photorefractive crystals such as BaTiO5 or SBN, mutually pumped phase
conjugation starts from scattering of the two incident beams (beams |1 and 3) (see
Fig. [(b)). These scattered waves are represented by A, amd A, in Eq. (1). As a result

of photorefractive coupling, these scattered waves will be amplified in the medium.

Initially these scattered waves A, and A, may have arbitrary wavefronts.

These scattered waves may be decomposed into two parts
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A, (0)
Ag(L)

oA'g(O) + Aé(O) (o
pAT(L) + Ay(L)

where Aé(O) and A&(L) represent the portions which are orthogonal to the conjugate
waves. As indicated earlier, these nonconjugated parts have smaller gain coefficients
compared to the conjugated parts. Although these nonconjugated parts may be signifi-
cant in the beginning, the conjugated parts dominate at the end due to the exponential
growth. Thus in high gain media such as BaTiO3 and SBN, the mutually phase conjugated

beams are often n.any orders of magnitude higher than other scattered beams.

In conclusion, a coupled-mode theory is developed for the hologram-sharing
model of mutually pumped phase conjugation (MPPC). The theory predicts that the
amplification coefficient for the mutually phase conjugated beams is twice that of other

scattered beams, and provides a quantitative basis for the hologram sharing model.

The author acknowledges helpful discussions with M.D. Ewbank, T.Y. Chang
and J. Feinberg (USC). This work is supported, in part, by the Office of Naval Research
under Contract No. NO0O!14-85-C-0219.
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Photorefractive two-beam coupling in cubic crystals in which the spatial phase shift between the index grating and
the intensity pattern is not /2 is considered. Exact solutions for codirectional cross-polarization two-wave mixing

are obtained. The results are useful for the case of nondegenerate two-wave mixing when the spatial phase shift is

not »/2.

A nonlinear model of photorefractive two-wave mixing in
cubic crystals was recently developed.! In the model each
beam consisted of two orthogonally polarized components
that were designated s and p components. Coupled-mode
equations for the four-wave amplitudes were derived. The
theory shows that cross-polarization two-wave mixing is pos-
sible in cubic crystals with a zinc-blende structure (point
group symmetry 43m). At the same time, several experi-
mental investigations were carried out to study such cross-
polarization couplings in GaAs crystals.?-®

In the previous work a /2 spatial phase shift between the
index grating and the intensity pattern was assumed. This
phase shift corresponds to the case of pure diffusion (i.e.. no
externally applied static electric field). Exact solutions of
the coupled-mode equations were obtained for the case of codi-
rectional coupling. Approximate solutions for both the co-
directional and the contradirectional coupling were also ob-
tained.

In this paper we will derive exact solutions for the general
case of codirectional cross coupling when the spatial phase
shiftis not 7/2. This corresponds to situations when the two
beams are different in frequency or when an external electric
field is applied. Deviation from ¢ = n/2 has been observed
with oxide materials such as BaTiO; and Sr,Ba sNb.Og.®
The exact solutions are formally identical to those of the
case ¢ = n/2, except for a complex phase factor in the argu-
ment of a transcendental function.

Following the notation used in Ref. 1 and referring to Fig.
1, we can write the coupled-mode equations as

d i ‘ * *
a—z As = ’26—1 e °[I‘§,B_\ + r.\p Bp](A.\B\ + Apo cos 0)/1“.
d i -t L] *
" B = 2, e “[F A +T ,AlA"B + A*B, cos )/,
d L e x »
de A, = 2, e°|ll, B.+T, BJAB*+ AB, cosh/l,
d Lo : . .

B,= QI A+ ANAK + 4K coom |

vl

0740-4224 v URIS]T-03302.00

where A, Ap, B,, and B, are the wave amplitudes, 3, and 3.
are the z components of the wave vector, # is the angle
between the two beams inside the crystal, ¢ is the spatial
phase shift betwen the grating and the intensity pattern. and
I, is given by

Iy=ArA;+ AJ*A, + B*B + B,*B,. (2)
The coupling matrix T is given by
2
I =« pege, (3)
with
0 E E
(1=n4r“ E.z 0 E‘1 (4
E E o

wherery; = rog; = rypp=rinnand E,, E., and E. are the three
components of the amplitude of the space-charge field.

Also,

r,=dlrl),  ij=3p,p. (3
where §, p;, and p. are unit vectors along the direction of
polarization.

As indicated by the subscripts, T, are the coupling con-
stants between the ith and jth polarized waves. Thus I'.,
and ', ,, are the parallel coupling constants, and I',, and
I'p, are the cross-coupling constants.

For the case of pure codirectional cross coupling. a~ de-
scribed in Ref. 1,

rss = I‘p]p_ =0, {6)

- = - - 2,4 « . -
Fp =T, =T, =T, = r/Mntr (B costn 20 ()
where E* is the amplitude of the space charge field and we
assume that the beams enter the crystal symmetricallv such

that

o= 3 =27 N ocasere 2

(&)

The coupled-mode equations (1) become
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Fig. 1. Schematic drawing of two-beam coupling in photorefrac-
tive cubic crystals.

d .
& A = le'pr(AsB\' + APBP‘ cos8)/1,,,

d .
i B, =ie*yA,(A*B + A,*B, cos )/,

d .
az Ap = le“/B\(A\Bf + Apo. cos ﬁ,/lw

adz— B,=1ie*yA(A*B, + A,*B,cos A)/I,, 9)
where
e=e¢" (10
and v is a real coupling constant given by
vy =1L (22/\n'r E* (11

We notice that Eqgs. (9) reduce to the previous case! if we
put o = 7/2. The constants of integration are still given by

AA*+BB*=c, (12
4,A*+BB*=c, (13)
AA,* +B*B,=c, (14)

AB - A,B, =c¢, (15)

regardless of the phase factor exp(i®).

When a change of variable is used that is similar to that
used in Refs. 1, 7, and 8, the coupled equations can be
written as

d g =ie*y(gc,cos b + go* - ¢)), (16)
dz ‘
d . > -
f=—lev(fic,cos f + fo —c,), (17)
dz
where
f=AJA. g=B/B, (18)
o =C; = ¢;* cosh. (19)

We notice that the only difference is the additional phase
factorsie* and ~ie, as compared with the special case (¢ = n/
2)in Ref. 1.

Equations (16, and (17} can now be integrated. and the
results are

f=A. A =[~a+qgtanhtiegyz 2+ O))/(2, cos i, (20
g=B,/B =[~a"+¢" tanhtic*q*32/24 C))/(2, cos #), (21)

Puochi Yeh

with

g’ =dc;c, + a’, 122y
where C and (" are constants of integration that are deter-
mined by the boundary condition at 2 = 0.

When f and g are known. the intensity of all four waves is
given by

L e, = ifele
Al = E
° 1 - Ifgl”
o lgle, = Ifglie
BP=" " "
P 1 - Ifgl?

A ¢ ~lgle,
alr="7" =" .
) I 1~'fgl*

g 12 =
Bl = ‘B"’j Lo . (23)
lgl* 1 - Ifgh

If we put ¢ = n¢2. thesolutions of Eqs. (20} and (21)
reduce to my earlier results reported in Ref. 1. Although the
solutions for the general case (0 # 7/2) look almost formally
identical to those of the special case (¢ = =©/2), they are
actually quite different. The hyperbolic tangent of a com-
plex argument has a range between (=1, 1} and (-, =},
depending on whether the argument is real or pure imagi-
nary. Thus the value of spatial phase shift will affect the
behavior of energy transfer between the waves.

For the special case of particular interest in which the
cubic crystal is sandwiched between a pair of cross polariz-
ers, the boundary conditions are

A,(0) = B,10) = 0, (24)

Using Egs. (14) and (18)-(21), we have f(0) = g(0) = 0,¢3 = 0.
and s = 0, and the solutions become

f

_9q tanhtieqyz/2)
2¢, cos #

q tanh(ie*qy2/2)
g = )
2c.cos 6

where g = 2(cic))'".
Consider the special case of ¢ = 0. The solutions of Egs.
(25) become

f= tq tan(gy2/2)
2c¢, cos f
iq tan(gyz/2)
g = q q .

26)
2¢,cos A (

When # = 0 and when we use Egs. (23). the intensity of the
four waves becomes

[A]F = ¢, cosigyz/2),
iA;,"' = ¢ sintlgyz2).
B = c.cosTlgyz .
!Bl,g;‘=(‘lsin"lq~,: RIR 20
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where ¢, = |A,(0)12, ¢» = |B.(0)12. Notice that the intensities
of these waves are periodic functions of z. This is distinctly
different from the case when ¢ = n/2. The case of ¢ = (
corresponds to a pure local response of the material. Al-
though the energy is exchanged back and forth between A,
and B, as well as between A, and B,, there is no nonrecipro-
cal energy tronsfer. In other words, there is na unique
direction of eneigy flow as compared with the case when ¢ =
0. For cases with 0 < |¢l < =, nonreciprocal energy transfer
is possible according to our solutions [Egs. (20) and (21)],
with maximum energy transfer at ¢ = +x/2.

For the case of weak coupling (yL <« 1) or little pump
depletion, we may assume that the pump-beam amplitudes
(A,, Ap) remain virtually unchanged throughout the interac-
tion. Under these conditions, the coupled equations be-
come

% B =ie*(yaB, + vbB)),

i Bp = ie‘('yCBp ++dB,),

(28)

where a, b, ¢, and d are dimensionless constants and are
given by

a =14, cos 6/1,.

b= A4,
c=AA* cosb/l,
d=1AlI,. (29)

We note that the magnitude of all four of these constants is
less than unity.
An approximate solution to Egs. (28) when 92z < 1 can be
written as
*
oA ie*~z,
{

A
B.(2) = B.(0) + B,(0)

B,(z) = B.(0) (30)

| AE—
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We notice that the amplitude of B. may increase or decrease
depending on the polarization state of the pump beam A and
the phase shift ¢, whereas the amplitude B, is an increasing
function of 42.

In conclusion, we have investigated the photorefractive
coupling of two polarized heams in cubic crystals with a
spatial phase shift @ = /2. An exact solution for the case of
codirectional cross coupling is established. The results for ¢
= 0, which are distinctly different from those of ¢ = n/2,
indicate that there is no nonreciprocal energy transfer.
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A model is proposed and demonstrated for mutually pumped phase conjugation when two mutually incoherent laser
beams pump each other, producing a pair of phase-conjugate beams through a cross-readout process. The model
considers the buildup of two independent counterpropagating oscillations in a ring resonator containing two-beam-
coupling gain media. The experimental demonstration of the model using two photorefractive BaTiO; crystalsin a
ring cavity gave simultanecus phase-conjugate images with good fidelity and no image cross talk. As expected, the
counterpropagating oscillations were slightly detuned in frequency (~1 Hz) from the corresponding pumping beams
with frequency shifts related to the ring-cavity length. Frequency shifts were also observed in the phase-conjugate
beams, with their magnitudes dictated by energy conservation for nondegenerate four-wave mixing.

1. INTRODUCTION

Recently several papers reported!-? on a new tvpe of phase
conjugation in photorefractive BaTiO. in which two mutual-
ly incoherent laser beams pump each other to generate the
respective phase-conjugate reflections. These new phase
conjugators, which were implemented in slightly different
configurations within BaTiO;. exhibited basically the same
properties. Their common characteristics include the fol-
lowing:

1. One beam by itself does not generate a phase-cunju-
gate reflection.

2. Twoincident beams can be mutually incoherent (e.g..
from two different lasers).

3. The phase conjugate of one beam originates from the
other beam (i.e., a cross-readout process).

We refer to these phase conjugators collectively as mutually
pumped phase conjugators (MPPC's) because of their com-
mon property of mutual pumping. Diagrams for the dem-
onstrated MPPC's'-* are shown in Fig. 1. One MPPC,
known as the double phase-conjugate mirror.! was first stud-
ied theoretically* and explained in terms of self-oscillations
in a four-wave mixing process. An alternative explanation
for MPPC'’s was recently given in terms of hologram shar-
ing.* All the demonstrated MPPC's!-% rely on the photore-
fractive stimulated scattering phenomenon known as beam
fanning.>” The major distinguishing feature is, as illustrat-
ed in Fig. 1. the number of internal reflections from the sides
of the BaTiO, crystal®: two for the mutually incoherent
beam coupler.? one for the bird-wing phase conjugator,” and
none for the double phase-conjugate mirror.'

In this paper we propose and demonstrate a new model for
mutually pumped phase conjugation. The model offers a
mechanism for the phase conjugation of two mutually inco-
herent laser beams interacting in a photorefractive crystal
and possibiyv explains what occurs in the previously demon-
strated MPPC's.! © The proposed model consists of two
mutually incoherent laser heams pumping two separate two-
beam coupling media. such as photorefractive BaTiO crve-

(7402204 X8 O] T4 D702 0m

——ﬁ

tals, inside a ring cavity. The resulting two counterpropa-
gating ring oscillations, which are mutually incoherent, are
then used to explain the common characteristics of MPPC's.
including the mutual pumping, the absence of image cross
talk, and the exchange of temporal information. In addi-
tion, the model predicts a slight frequency shift of a conju-
gate beam from its corresponding pump, which originates
from the cavity-length detuning. The experimental verifi-
cation of the model is given in Section 3. Because the pho-
torefractive grating formation and readout processes are
clearly differentiated in the two crystals, this model provides
an easy understanding for mutually pumped phase conjuga-
tion. Finally. we speculate that the tvpe of resonator given
in our model can exist within a single BaTiO; crystal.

2. MUTUALLY PUMPED PHASE
CONJUGATOR MODEL

Referring to Fig. 2. we consider a ring resonator containing a
pair of two-beam coupling gain media. e.g., photorefractive
BaTiO; crystals, inserted into the cavity. Each crvstal is
pumped by a laser beam to produce & unidirectional ring
oscillation from the two-beam-coupling gain, resulting in
two counterpropagating ring oscillations. This arrange-
ment closely follows the geometry for a unidirectional oscil-
lator (a ring resonator with a single photorefractive crvstal
pumped by one laser beam), which was previously studied
and demonstrated.®® In Fig. 2 the two crvstals are oriented
in such a way that BaTiO. # 1 will provide two-wave mixing
gain for a counterclockwise unidirectional oscillation when it
is pumped by laser beam 1 (£,). and BaTiO; # 2 will provide
two-wave mixing gain for a clockwise unidirectional oscilla-
tion when it is pumped by laser beam 2 (P,). 1f the gains are
large enough to overcome the cavity losses. as is the case for
BaTiO, with proper crvstal orientation and beam polariza-
tion. then oscillations will occur.

Let ) and w- be the frequencies of the two pumping laser
beams with the amplitudes P, and P _. respectively. When
the cavity oscillations occur. the frequencies of the oscilla-
tions can be slightly detuned™" from those of the pumping

C 1~ Optical Society of Amenica
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(b) (c)

Drawings of the previously demonstrated!-* MPPC's. In MPPC's, two mutually incoherent laser beams. E, and E., pump each other

to generate a pair of phase-conjugate reflections, E;* and E.*, by cross readout of photorefractive holograms. Here, E,. E., E,*. and E.* are
short notations for Ey(riexp(ik, - r — iut), E.iriexptik, - r = {wot), E\*(rlexp(—ik; - r = fw,t), and E.*(rjexpt—ik: - r = fut). respectively;
note the temporal-frequency cross talk. The three demonstrated MPPC's are (a) the double phase-conjugate mirror,' (b) the mutually

incoherent beam coupler,” and (¢) the bird-wing phase conjugator.*

beams and are designated «; + 4, and w» + 6.. According to
the theory developed in Ref. 8, the frequency detunings are
given by

2(AT, + 2m 7)

6, =- - : . =12 1)
! T, A ! (

with

AT, = 2N,1r—f kds, =12, (@)
L

where AT, is the cavity detuning for the cavity modes at
frequency w; and is defined between —x and ;. m, and N, are
integers; 7, is the photorefractive response time of the ith
crystal; A is the total cavity loss given by —In(RT,T,). with R
the product of the reflectivities of the cavity reflectors. T,
the transmission through the BaTiO, crvstals accounting for
the absorption, surface reflections, and scattering losses (in-
cluding beam fanning), and T, the effective transmission
through the pinhole aperture (usually placed to confine the
oscillations to the fundamental spatial mode®). The path
integral in Eq. (2) is performed over one round trip inside the
ring cavity, where k, = n,w,/c, L is the cavity length, n, is the
refractive index at «,, and c is the speed of light in vacuum.
The magnitudes of 4, and 4- are small (typically of the order
of afew hertz). There is a threshold condition for oscillation
given by® (assuming m = 0, the lowest-order oscillation)
— 2
8| < (nt/a = D7 voi=1,2, (3)

1

where v, is the degenerate two-beam-coupling gain coeffi-
cient for the crystal i, and !, is the coupling interaction length
inside the ith crystal. When inequality (3) is satisfied, the
gain overcomes the losses and permits the oscillations to
build up, as mentioned above.

We now examine the cross readout of the holograms inside
the photorefractive crystals. Within each crystal, a volume
hologram is formed by the pumping beam and the corre-
sponding unidirectional oscillation beam. For example. a
hologram (moving with a velocity proportional to 4,) is
formed by the pump beam P,(.;) and the counterclockwise
oscillation beam, with the amplitude R;{w; + 5)), inside the
BaTiO, #1 crystal. The amplitude of the index grating is

proportional to R1Py*. When the clockwise oscillation, with
the amplitude Rilw, + 4.1, intersects the hologram inside
BaTiO; #1. it is Bragg diffracted in the direction counter-
propagating to P, with the frequency «» + 8, + 6., provided
that u; and w» are close enough to maintain the Bragg condi-
tion. We denote the amplitude of the signal generated from
BaTiO; #1 as Siw, + & + 62). (Note that «; — &> can be

(4

52((01 + d, + dz)

*
@ Pytlwgy + 64 + 4yl & Pytlwy + &y + dy)
Fig. 2. Diagram of the proposed model of a MPPC. The model is
based on the buildup of two counterpropagating oscillations in a
ring cavity and a subsequent cross-readout process. The ring oscil-
lations with amplitudes (frequencies) R (« + §,) and Ra(w, + 62) are
generated independently from a pair of two-beam-coupling gain
media {photorefractive BaTiO. crystals #1 and #2) that are
pumped by two mutually incoherent incident beams with ampli-
tudes P(«)) and Palw»). The clockwise oscillation beam R can
read out the hologram in BaTiO # 1 (depicted as dashed lines), and
if these ring oscillations constitute a spatially phase-conjugate pair.
i.e.. R, = R,*. then the phase conjugate of pump beam 1 will be
generated [P;*(u:; + 5; + 62)]. Similarly, the counterclockwise oscil-
lation beam R, can generate the phase conjugate of pump beam 2
[Pa*(wy + 8, + 87)]. The frequencies of the pump beams, «; and w;,
must be nearlyv equal in order to satisfv the Bragg condition in the
holographic readout process. As indicated, both oscillation beams
are frequency shifted to satisfy the round-trip phase condition for
the cavity. Also, the phase-conjugate heams are frequency shifted
according to energy conservation of the nondegenerate four-wave
Mmixing process.
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tens of gigahertz, and the Bragg phase-matching condition
will still be well satisfied.) A similar situation occurs in
BaTiO; #2, with R (w, + &) reading out the hologram in
BaTiO; # 2 to produce a second signal beam Sitw) + 6; + 85}
counterpropagating with respect to P.. According to the
holographic interpretation of four-wave mixing,!” the rela-
tionships between the pumps and the oscillations are given
by

Sy(w, + 8, + 65 « R, (w, + 5,)P,* (@) Rylws + 5,),
Sylw, + 8, + 8,) « Rylw, + 8)P,*(w)R (w, + 6,). (4)

Here, it is important to note that the signal beams S, and S_
can be spatial phase conjugates of the incident beams P, and
P,, respectively, if the two ring oscillations are phase conju-
gates of each other. That is, if R; = R-*, then S| = P;* and
S; = P,*. Because the oscillation beam path is defined by
the resonator cavity, the two modes of oscillation are exactly
counterpropagating. In addition. the two counterpropagat-
ing oscillations in a stable cavity are exacily a phase-conju-
gate pair, provided that thev oscillate at the same trnsverse
mode. The cavity can easily be forced tg oscillate in the
fundamental transverse mode by placing a pinhole in the
beam path, as was done in our experiments. The important
consequence of the two ring oscillations’ being a phase-con-
jugate pair in our model is that it resuits in the absence of
image cross talk. On the other hand. if the ring oscillations
did not form a phase-conjugate pair but instead consisted of
orthogonal transverse modes, then an image cross talk could
occur by transfer of the dark regions in the nonuniform
intensity distributions on the ring oscillations to the signal
beams during the readout processes.

The temporal characteristics of MPP(C's!-3 are different
from that of phase conjugation using a single pump beam,
such as self-pumped phase conjugation!!-1? or stimulated
photorefractive backscattering.!* Although the spatial
wave fronts are reconstructed, the frequencies of the phase-
conjugated beams from MPPC’s are exchanged and modi-
fied. The phase conjugate of pump beam 1 has a frequency
of w2 + A, and the phase conjugate of pump beam 2 has a
frequency of w; + A, where A = 4; + 62. In other words, the
phase conjugate of beam 1 originates from beam 2, and vice
versa; the tempora! characteristic of one pump beam is
transferred to the phase conjugate of the other pump beam.
The situation is similar to that of four-wave mixing when the
grating written by two mutually coherent beams is read out
by a third (reading) beam that is mutually incoherent with
respect to the writing beams.

The counterpropagating ring oscillations illustrated in
Fig. 2 and described above can occur within a single BaTiO;
crystal. By virtue of total internal reflections at the sur-
faces, the crystal can act as an optical cavity that is capable
of supporting many modes. These tvpes of internal oscilla-
tion were suggested?!21% to explain the frequency shift in a
self-pumped phase conjugator.!! For the MPPC, one may
consider that each incident beam initiates a unidirectional
ring oscillation within the crvstal. in accordance with the
model given above. When both beams are present, counter-
propagating oscillations occur, which Jead to mutually
pumped phase conjugation.

Vol. 5. No. 8/August 1988/J. Opt. Soc. Am. B 1745

3. MUTUALLY PUMPED PHASE
CONJUGATOR EXPERIMENTS AND RESULTS

A. Phase-Conjugate Images

The experimental arrangement used to check the phase-
conjugate imaging properties of the proposed model is
shown in Fig. 3. The 514.5-nm output of an Ar* laser was
first passed through a Faraday cell to isolate the laser from
phase-conjugate feedback as well as from any other reflec-
tions. The polarization of the output was oriented to excite
extraordinary waves in the BaTiO3 crystals. A beam split-
ter BS, separated the output into two beams, which were
expanded, then transmitted through image transparencies
T, (spoke pattern) and T (U.S. Air Force resolution chart),
and finally focused into the BaTiO; crystals #1 and #2,
respectively. When we used BS., a portion of the incident
laser beam was reserved for precisely aligning the ring cavity
and was normally blocked by a shutter. The ring cavity
consisted of a stationary 100% reflecting mirror. a 100%
reflecting mirror mounted on a piezoelectric translator, PZT
#2, and a 95% reflector, BS;; all these reflectors were flat.
The ring cavity was aligned by monitoring the interference
on a silicon photodetector, D, as a function of cavity length
controlled by PZT #2. When the mirrors of the cavity were
properly adjusted, the cavity finesse (F) without the two
BaTiO; crystals was observed to be fairly high (F = 40).
However, when the crystals were inserted and the cavity was
realigned, the finesse was significantly reduced. to F = 2, as
one would expect from the losses due to crystal-surface re-

A" LASER

FARADAY
ROTATOR

PZT &1

AING CAVITY
ALIGNMENT
SEAM

SHUTTER

g

APEATURE

FiLM & FILM #2

Fig. 3. Experimental arrangement for phase-conjugate imaging
with the MPPC shown in Fig. 2, where image-bearing beams pump
the photorefractive crystals. The phase-conjugate beams were pro-
jected onto the film planes without using any imaging optics.
POL,. POL.. polarizers: A'2. half-wave retardation plate; BS;-BS .
beam splitters: D. silicon detector. T . T_. image transparencies. L.
L .lenses: PZT # 1. PZT # 2. piezaelectric transiators




1746 J.Opt. Soc. Am. B/Vol. 5, No. 8/August 1988

flections and absorption. Despite the poor cavity finesse,
ring oscillations occurred in our experiments because the
two-beam coupling gain of the crystals could still, overcome
the cavity losses. The ring oscillations built upand were
sustained even with the placement of a pinhole (~200-um
diameter) inside the cavity to confine the oscillations to the
fundamental spatial mode.

The two incident pumping beams in the MPPC were made
mutually incoherent so that competing photorefractive grat-
ings did not form. This mutual incoherence was achieved
with the previously demonstrated MPPC's!-3 either by sim-
ply removing the étalon from the Ar* laser and making the
optical path lengths between the laser and the photorefrac-
tive crystal for the two incident beams differ by more than
the Ar* laser coherence length (~3 cm) or by using two
different lasers. In our experiment, shown in Fig. 3, remov-
ing the étalon will not work because each incident beam
must be coherent with its respective unidirectional ring os-
cillation, with the implication that a coherence length great-
er than the ring-cavity length is required.

Yeh et al.

One way to obtain mutually incoherent pump beams P,
and P, while at the same time maintaining a coherence
length greater than the ring-cavity length is to use two inde-
pendent Ar* lasers, both with étalons installed, operating on
the same laser line. However, our solution for the dual
requirement was to use a single Ar* laser and frequency shift
one of the pumping beams with respect to the other, thereby
mimicking mutual incoherence by taking advantage of the
slow photorefractive response time. The coherence length
of our Ar* laser, with an étalon installed, was approximately
10 m, making both the clockwise and counterclockwise cavi-
ty oscillations coherent with their corresponding pump
beams P, and P, respectively, since the ring-cavity length
was approximately 50 cm. One of the pump beams was
Doppler frequency shifted by approximately 1 kHz by using
a moving mirror mounted on PZT #1. Introducing the
1-kHz frequency shift does not make the beams mutually
incoherent in the usual sense, but it does simulate mutual
incoherence within the BaTiO; crystals because of the slow
(in the 1-Hz range) photorefractive response time. That is,

(c)

Fig. 4. Photographs of the incident and phase-conjugate images produced by the setup in Fig. 3: (a) incident pump beam 1 (spoke chart), (b)
incident pump beam 2115, Air Force resolution chart). 1¢) phase conjugate of pump beam 1. and 1d) phase conjugate of pump beam 2. Aspre-
dicted by the model. no image cross talk was visible in the two images. The fidelity of the phase-conjugate beams was good: the smallest bar re-
solvable in td) corresponds to approximately 6-line ' mm resolution.

(d)
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Fig. 5. Experimental arrangement used to eacmine the frequency
shifts generated by the MPPC shown in Fig. 2. Four interterome-
ters were constructed to monitor simultaneously the beat frequen-
cies in the two counterpropagating ring oscillations and the two
phase-conjugate signals relative to the appropriate reference heams:
POL,. POL., polarizers: A’2, half-wave retardation plate: B -Bx ..
beam splitters: D;-Dy. silicon detectors: ND -ND,. neutral-density
filters: PZT # 1. PZT # 2. piezoelectric translators,

no photorefractive gratings would form directly from the
rapidly moving interference patterns generated by light
from both pumping beams.

The phase-conjugate images were recorded on photo-
graphic films #1 and #2. The distance between film #1
and BS; was identical to the distance between T, and BS;
(and similarly for film #2) so that the phase-conjugate
beam would be imaged at the film. No additional optics
were used to image the phase-conjugate beams onto the film
planes. The resulting images are shown in Fig. 4. Com-
pared with the input images shown in Figs. 4(a) and 4(h). the
phase-conjugate images have good fidelity, as evidenced in
Figs. 4(c) and 4(d}. Inaddition. there is no indication of any
image cross talk: no horizontal or vertical bars are superim-
posed upon the phase-conjugate image of the spoke pattern.
for example. The phase conjugate of beam 1 clearlv origi-
nated from beam 2: when beam 2 was blocked. the phase
conjugate of beam 1 disappeared instantly. Additionally, as
expected, when beam 2 was blocked. the phase conjugate of
beam 2 decaved with the characteristic photorefractive grat-
ing decay time as the hologram in cryvstal 2 was being erased.
Similar behavior was observed in phase-conjugate beams 1
and 2 when beam 1 was bloched

We have attempted 1o place phase aberriator-m the beani-
Mthoosh we

have succeeded 1 generating phiasc o, o imace tecon

Loosee the qualhity of aage reconsit wtn
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struction through phase aberrators, the quality of the recon-
structed images was not so good as expected. We speculate
that part of the problem arises from the way in which the
pump and oscillation beams intersect in the crvstals. The
model assumes that there is complete overlap between each
pump beam and the corresponding unidirectional ring oscil-
lation. However, if the diameters of the pump beams are
large compared with the beam diameter of the fundamental
cavity mode inside the crystals, then each holographic read-
out beam will not contain all the spatial information from
the corresponding incident pump beam. This seems to be
the case when the aberrations are used, because the beams
cannot be focused so tightly. We believe, however, that this
may not be a problem in a crystal resonator with internal
reflection (as in Refs. 11-13). There, the crystal is free to
choose all the proper modes and interaction volume required
to produce high-fidelity phase-conjugate beams.

B. Frequency Shifts

The proposed resonator model also predicts the existence of
frequency shifts in the phase-conjugate beams, as we have

D,(4,)

D,(4)

D;la)

DglA)

L o
10 16 20

TIME (sec)

Fig. 6. Beat frequencies of the ring-oscillation beam~ and phase-
conjugate beams produced by the setup in Fig. 5. The detectors D
and I are used to measure the frequency shifts o and - . respe

[, 0

0]

thvelv 1 and D, are used t¢. measure the frequency <hitt<an the

phase comugates of heam Zand beany 1 respectivels Accordimg 1o
the theary bote Doand D should hasye mea~ured the same trequen
cvoshit 3 as observed  Inothe 20 oot period Doand D
couted T and 1 trnges respectine s whale betio Doand D
weasvrod s inmees mdicating that oo +
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checked experimentally by using the arrangement in Fig. 5.
The setup is similar to that of Fig. 3 but without image
transparencies in the pump beams. Instead, four interfer-
ometers were constructed to monitor the relative frequen-
cies of four beams simultaneously: the two phase-conjugate
beams and the two counterpropagating cavity oscillations.
The detectors D; and D5 monitored the two counterpropa-
gating unidirectional oscillations that interfered with the
corresponding pump beams, thereby measuring the detun-
ing frequencies §; and 5.. The detectors D; and D; moni-
tored the frequency shift A in the phase conjugates of beams
2 and 1, respectively. From conservation-of-energy consid-
erations for the nearly degenerate four-wave mixing occur-
ring in BaTiOy # 1 and in BaTiO; # 2, as illustrated in Fig. 2,
both D; and D, should measure the same A.

Typical results from the frequency-detuning experiments
are shown in Fig. 6. From the output of D, and D, §; and é»
were measured to be ~0.13 Hz (2.5 fringes per 20 sec) and
~0.55 Hz (11 fringes per 20 sec), respectively. D, and D,
both gave nearly the same A of ~0.68 Hz (13.5 fringes per 20
sec), which agrees with the theory, A = §; +!42. The frequen-
cy shift A can be positive, negative, or zero, depending on the
cavity-length detuning, as controlled by PZT #2. The
signs of the frequency shifts were checked by simultaneously
noting the direction of fringe movement in each of the four
interference patterns produced by the four interferometers.
The signs of &;, 6, and A were all the same for a given ring
cavity length. and they were reversed in a controllable way
by changing the cavity length. The phase-conjugate signals
had some long-term fluctuations, of the order of seconds. as
evidenced from the signal in D; and Dy in Fig. 6. We attri-
bute this mainly to variations in cavity length from air cur-
rents.

4. DISCUSSION

The observed frequency detunings of the two counterpropa-
gating ring oscillations were consistent with the predicted
values given by Eqgs. (1) and (Z). For the lowest-order oscil-
lation (i.e., m = 0), the frequency-detuning difference 5, — 6,

is given by
25T /1 1
by — 8, = - )
) o

where the cavity detunings are assumed to be equal (AT =
AT, = AT;) by neglecting any nonreciprocal change in the
optical paths of the two counterpropagating ring oscilla-
tions. The measured frequency-detuning difference 4, — 5,
of 0.42 Hz is consistent with the observed photorefractive
time constants of r, = 0.10 sec and 7. = 0.025 sec at the
intensities used in our experiments (typically ~1 W/em?).
The time constant r, that is shorter by a factor of 4 can easily
be accounted for by the differences in the crvstal parameters
and orientations.

In our experiments the intensities of the output signals S,
and S, became unstable when the two pump beams were
coherent. We speculate that the instability arose from the
competition among various index gratings formed by the
mutually coherent beams. This tvpe of instability has been
ubserved experimentally in other MPP(C's - ¢

Our model for MPPC's should not be restricted to photo-
refractive crvstals onlv. The coupling gain is also possible in
Kerr media if nondegenerate two-heam coupling is used.!" i»

Yehet al.

{8)

Fig. 7. Possible internal oscillations producing MPPC in (a) the
mutually incoherent beam combiner’ and th) the bird-wing phase
conjugator.” Owing to the preferential direction in two-beam cou-
pling at the two interaction regions (or photorefractive gratings), A
and B. the solid-line portion of the counterpropagating internal
oscillation is more intense than the dashed-line portion.

That is, by moving the grating at a rate comparable with the
inverse of the response time of the medium, one can achieve
the phase shift between the intensity pattern and the result-
ing index grating, which is necessary for energy coupling. A
unidirectional ring oscillator using sodium vapor as the gain
medium was already demonstrated.!” Therefore it is con-
ceivable that two such Kerr media can be used to construct
this type of MPPC.

Finally, further investigations are needed to verify wheth-
er the proposed model accurately describes the previously
demonstrated MPPC's.! * Although one of the previously
reported MPPC'’s appears to exhibit oscillations internal to
the crystal,” it has not shown the frequency shifts predicted
by our model. Possibilities of these internal oscillations for
two of the demonstrated MPPC's are shown in Fig. 7. Fur-
ther experiments are suggested. For example, one can
blacken!” the crvstal surfaces of a BaTiO: MPPC to elimi-
nate the internal oscillations because mutually pumped
phase conjugation supposedly disappears when the ring os-
cillations cease, according to our model. These tvpes of
verification will be included in a future report.

5. CONCLUSION

We have presented a new model of mutually pumped phase
conjugation for producing phase conjugates of two mutually
incoherent incident beams. The model considers the build-
up of two independent counterpropagating oscillations,
which form a phase-conjugate pair, in a ring cavity contain-
ing two-beam-coupling gain media. such as photorefractive
crystals. Cross readouts of the holograms in the gain media
by the two oscillation beams generate the two corresponding
phase-conjugate beams. The model predicts that there will
be no cross talk of spatial information between the two
incident images and that the frequencies of the phase-conju-
gate beams will be governed by the cavity-length detuning.
We have verified these predictions experimentally by using a
ring cavity with two BaTiO, crystals, pumped by {wo mutu-
ally incoherent beams from an Ar* laser. The phase-conju-
gate images showed good fidelity and no image cross talk,
whereas the observed frequency detunings were controlled
by varving the cavity length and were constrained by the
conditions for nondegenerate four-wave mixing.

ACKNOWLEDGMENTS

We wish to acknowledge helpful discussions with Monte
Khaoshnevisan of Rockwell International Science Center and




Yeh et al.

Jack Feinberg of the University of Southern California.
This research has been supported. in part. by the U.S. Office
of Naval Research under contract N00014-85-C-0219.

REFERENCES \

1. S. Weiss, S. Sternklar, and B. Fischer, “Double phase-conjugate
mirror: analysis, demonstration. and applications.” Opt. Lett.
12,114 (1987); S. Weiss. S. Sternklar. M. Segev, and B. Fischer.
“*Mach-Zender interferometer with multimode fibers using the
double phase-conjugate mirror,” Appl. Opt. 25, 4518 (1986): S.
Weiss, S. Sternklar, and B. Fischer, *'Optical information pro-
cessing with the double phase-conjugate mirror,” Opt. Eng. 26,
423 (1987).

. R. W. Eason and A. M. C. Smout. “Bistability and noncommu-
tative behavior of multiple-beam self-pulsing and self-pumping
in BaTiO.,” Opt. Lett. 12,51 (1987); A. M. C. Smout and R. W.
Eason, "Analysis of mutually incoherent beam coupling in
BaTiO..” Opt. Lett. 12, 498 (1987).

. M. D. Ewbank. “Mechanism for photorefractive phase conjuga-
tion using incoherent beams,” Opt. Lett. 13, 47 (1988); “Inco-
herent beams sharing photorefractive holograms.™ in Digest of
Topical Meeting on Photorefractive Matertals. Effects. and
Devices (Optical Society of America. Washington. D.C., 1987),
p. 179.

. M. Cronin-Golomb, B. Fischer, J. O. White. and A. Yariv, “The-
ory and applications of four-wave mixing in photorefractive
media.” IEEE J. Quantum Electron. QE-20, 12 (19811,

. J. Feinberg. “Asvmmetric self-defocusing of an optical beam
from the photorefractive effect.” J. Opt. Soc. Am. 72,46 (1982).

. V. V. Obukhovskii and A. V. Stovanov. “Photoinduced light

Vol. 5. No. 8/August 1988/J. Opt. Soc. Am. B 1749

scattering in crystals with a nonlocal response.” Sov. J. Quan-
tum Electron. 15, 367 (1985).

. G. C. Valley. “Competition between forward- and backward-

simulated photorefractive scattering in BaTiO..” J. Opt. Soc.
Am. B 4, 14 (1987); errata. J. Opt. Soc. Am. B 4, 934 (1987 .

. P. Yeh, “Theory of unidirectional photorefractive ring oscilla-

tors,” J. Opt. Soc. Am. B 2, 1924 (1985).

. M.D. Ewbank and P. Yeh. “Frequency shift and cavity length in

photorefractive resonators.” Opt. Lett. 10, 496 (1985).

. For example, see D. M. Pepper and A. Yariv, “Optical phase

conjugation using three-wave and four-wave mixing via elastic
photon scattering in transparent media, " in Optical Phase Con-
Jugation, R. A. Fisher, ed. (Academic, Orlando. Fla., 19831, pp.
52-53.

. J. Feinberg, “Self-pumped. continuous-wave phase conjugator

using internal reflection.” Opt. Lett. 7, 486 (1982).

. M. D. Ewbank and P. Yeh, “Frequency shifts of self-pumped

phase conjugators,” in Nonlinear Optics and Applicatinns. P.
Yeh, ed.. Proc. Soc. Photo-Opt. Instrum. Eng. 613, 59 (1986

. M. C. Gower, “Mechanisms for self-pumped phase-conjugate

emission from BaTiO, crystals.” in Digest of Conference un
Lasers and Electrg-Optics (Optical Society of America. Wash-
ington, D.C., 1987), p. 196.

. T. Y. Chang and R. W. Hellwarth, “Optical phase conjugation

by backscattering in barium titanate.” Opt. Lett. 10, 408 (19851,

. V. L. Vinetskii. N. V. Kukhtarev. S. G. Odulov, and M. S

Soskin, “Dynamic self-diffraction of coherent light beams.”
Sov. Phys. Usp. 22, 742 (1979).

. P. Yeh, “Exact solution of a nonlinear model of two-wave mix-

ing in Kerr media.” J. Opt. Soc. Am. B 3, 747 (19861.

. G.Grynberg, E. Le Bihan. and M. Pinard. " Two-wave mixing in

sodium vapor.” J. Phys. 47, 1321 (1986).




‘l‘ Rockwell International

Science Center
SC5424.FR

APPENDIX 4.4

CROSS-POLARIZATION PHOTOREFRACTIVE TWO-BEAM COUPLING
IN GALLIUM ARSENIDE

29
C9943DA/jbs

#




X5

Reprinted from Journal of the Optical Society of America B, Vol. 5, page 1724, August 1988
Copyright © 1988 by the Optical Society of America aad reprinted by permission of the copyright owner.

Cross-polarization photorefractive two-beam coupling in
gallium arsenide

Tallis Y. Chang, Arthur E. Chiou, and Pochi Yeh

Rockwell International Science Center. 1048 Camino dos Rios, Thousand Oaks. California 91360

Received February 17, 1988 accepted April 5. 1988

Experimental investigations are presented of cross-. olarization two-beam coupling in a photorefractive GaAs
crystal. in which two mutually coherent laser beams with the same polarization state (e.g.. s waves) interact to
generate and couple energy into an orthogonally polarized beam (p wave). We demonstrate cross-polarization
coupling of 1.06-um YAG laser beams (both cw and pulsed) in a semi-insulating single crvstal of GaAs and show that
the coupling coefficient is ~0.4 ¢cm~'. The experimental data are shown to be in good agreement with the
theoretical results for the weak-coupling regime: the theoretical results are calculated from a set of coupled
equations describing generalized two-beam coupling in cubic photorefractive crystals. The photorefractive re-
sponse time of our crvstal is also determined using nondegenerate cross-polarization two-beam coupling and is
shown to be approximately 0.5 msec at the total intensity of 1 Wscm-=.

1. INTRODUCTION

Two-beam coupling in photorefractive crvstals. in which two
mutually coherent beams interact to transfer energy from
one beam to the other. has been studied extensivelv.)-? Its
potential applications to many areas of advanced optics in-
clude image amplification,*" vibration analvsis.’ laser-beam
processing,”* and novelty filtering.® Most of the demon-
strated applications utilize oxide materials such as barium
titanate {(BaTiO;). bismuth silicon oxide (BSO}, and stron-
tium barium niobate (SBN) because of their large two-beam
coupling coefficients. However. semiconductor photore-
fractive materials such as GaAs,'"-1 InP.,!"1" and Cd Te (Ref.
14) in general have faster response times than the oxides.!”

Two-beam coupling in photorefractive crystals can take
two different forms, depending on the polarization states of
the coupled waves.'® The first form is the usual two-beam
coupling, which we shall call parallel-po'arization coupling.
in which two laser beams (a probe and a pump) of the same
polarization state interact to transfer energy from the pump
to the probe, while preserving the polarization state of both
beams. In fact, it is the parallel-polarization coupling that
has been analyzed in Refs. 1-3 and demonstrated in Refs. 4-
14.

In the second form, cross-polarization two-beam coupling.
two laser beams of the same polarization state (s waves, e.g.}
caninteract in a photorefractive cryvstal to generate a wave in
an orthogonal polarization state (p wave) and transfer ener-
gy into it. The fact that the polarization state of the probe
can change under the influence of the pump in two-beam
coupling was recognized and applied to modulate the inten-
sity of the probe beam in BSO (Ref. 17) and GaAs.!" How-
ever, the energv-transfer aspect of cross-polarization cou-
pling was not fully realized until the theory, based on nonlin-
ear coupled equations. was formulated.’* Since then we
have presented'” " some comparisons of experimental re-
sults with the calculations made from the coupled-wave the-
orv. Cross-polarization coupling arizes from the birefrin-
gent nature of the induced index grating inside photoretrac-

07403224 X8 ON] 72406507 (o

tive crystals. What is required is the phase-velocity
matching of the two orthogonally polarized beams, which is
not generally possible in BaTiO; and SBN because of the
optical anisotropies, except along certain special directions.
In cubic cryvstals such as GaAs. InP, and CdTe the electro-
optic tensor element ry; (=r;> = rg3) can provide cross-polar-
ization coupling for a wide range of beam geometries. The
unique property of cross-polarization coupling—that the in-
formation of the probe can be transferred from one polariza-
tion state into the orthogonal state by the presence of the
pump—has potential applications in optical-image and
-signal processing (e.g., spatial light modulators).2!2-

In this paper we present the results of experimental inves-
tigations of cross-polarization two-beam coupling in a pho-
torefractive GaAs crystal. We report the successful demon-
stration of cross-polarization coupling using both cw and
pulsed 1.06-um Nd:YAG laser beams. We use a codirec-
tional two-beam-coupling geometry with the grating wave
vector parallel to the <110 direction. which is different from
that of a recent report.?® The polarization of the probe,
after its interaction with the pump. is analvzed as a function
of the initial polarization state of the pump. and its depen-
dence is shown to agree well with predictions based on the
nonlinear coupled-wave theory.!® Also reported is & mea-
surement of the photorefractive response time using nonde-
generate cross-polarization two-beam coupling. In Section
2 the theory of the cross-polarization coupling is reviewed
briefly. There, we modify the theory slightly to include the
effects of bulk optical absorption. The experiments men-
tioned above and their results are described in Section 3.

2. THEORY

Cross-polarization two-beam coupling. which is significantlv
different from the ccnventional two-beam (parullel) cou-
pling. must be analvzed with a generalized formulation.!®
The conventional coupling. as given in Refs. 1-3. cannot
predict the cross-polarization coupling and must be extend-
ed. Consider a two-beam coupling geometry. as shown in
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Fig. 1. The crystal and beam geometries of cross-polarization two-
beam coupling used in this work.

Fig. 1, ignoring the crystal orientation for the moment. As-
sume that all the waves have the same frequency. «, and that
the crystal does not exhibit optical activity. The polariza-
tion of each beam (a pump and a probe) consists of a linear
combination of the two orthogonal polarization states, s and
p states in our analysis, where the s and the p polarizations
are defined to be perpendicular and parallel to the plane of
the beams, respectively. The coupled-mode equations for
the four waves with their amplitudes A,, A,. B,, and B, are
then given by!6

dA [ e

Y= (r.B+TI'__BWAB"*
dz 23,1, > T TRO

. 13,1
+ A,B,* cosf) - 23, ad,,

dB [ e

T= (I, A +T_A)A"B,
dz 23, I, ™ e TP

13,
+A,"B,cosf) - 23’ aB

a

o

dAp i e
= (r, B, +T, B)AB*
dz 23, I, "7 P.p.pT e

aAd,,

+ A,B.* cos¥) — 23, *

dBp [ et
= (r,LA+r, A)NA'*B
dz 23, 1, pae pplipiiy Ty
. 3.l
+A, BPCOS fy — 2&3.08[7‘ n
with
IF'=uuentR-E") 2
and
' =a'Ty-. where ) =~ p . p.

-
(3
w
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where 3, and 3; (either positive or negative) are the 2 compo-
nents of the wave vectors k; and k;, respectively, ¢ is the
spatial phase shift between the intensity fringe pattern and
the index grating, [; is the total intensity of the input beams
(=A*A, + A,*Ap + B,*B, + B,*B,),  is the angle between
the beams inside the crystal, a is the bulk optical absorption
coefficient, u is the permeability of the crystal, ¢ is the
permittivity of the vacuum, n is the refractive index of the
crystal, R is the electro-optic tensor (third rank}, and E* is
the space-charge electric field. The polarization vectors p,
and p; indicate the p-polarization states of the pump and
probe beams, respectively. TI'is the coupling tensor (second
rank) that permits both parallel- and cross-polarization cou-
plings. Asdenoted by the subscriptsin T, I';;and ', are
the parallel-polarization coupling coefficients, and T, and
I'sp, are the cross-polarization coupling coefficients. For a
cubic crystal with point-group symmetry 43m, T is given
by!6.23

0 E, E
F=uoXenr | E. 0 E | (3)
E_\ E, 0

where ry) (=ro3; = r312 = ri03) is the electro-optic coefficient
and E,, E,, and E, are the three amplitude components of

"the space-charge field.

There are many possible configurations for parallel- and
cross-polarization couplings. as shown in Fig. 2. The left-
hand column of Fig. 2 [i.e., Figs. 2(a), 2(c), and 2(e)] shows
some geometries for codirectional two-beam coupling
(beams entering the same side of a crystal face), and the
right-hand column [Figs. 2(b), 2(d), and 2(f)] shows some
geometries for contradirectional two-beam coupling (beams
entering from the opposite sides of the crystal). For the
geometries in Figs. 2(a) and 2(b), the electro-optic tensor is
such that no parallel-polarization coupling is permitted for
any polarization state of the incident beams, but cross-polar-
ization coupling is permitted. The geometries in Figs. 2(c)
and 2(d) permit parallel-polarization coupling but not cross-
polarization coupling. Finally, in Figs. 2(e) and 2(f) no
coupling (parallel or cro¢s polarization) is permitted for any
polarization state of the incident beams.

The configuration of interest for this work is that of Fig.
2(a), the codirectional cross-polarization coupling in which
no parallel-polarization coupling is permitted. In this ge-
ometry, because the grating wave vector is parallel to the
<110) direction, it can be simply shown by using Eq. (3) that
Iy =Tp,=0and I';;, # 0. The coupled equations given in
Egs. (1) can then be simplified as

A . . 1
& I, B,(AB.* + A,B,* cos8) - 9 ad,.

d‘Bn - Y - ‘B A 1
d - I, AAB, + A,*B, cos A) — 9 aB,,

dAP oy . . 1

4 - I B(AB* + A B * cost) - N ad,,

dB, 1

d = / AGACB + A "B, costi = N ahB 4

with
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Fig.2. Various crystal and beam geometries for two-beam coupling
in a crystal with 43m point-group symmetry. (a), (¢), and (e) Show
the variations of codirectional two-beam coupling. (b). (d). and (f)
Show the variations of contradirectional two-beam coupling. In (a)
and (b) cross-polarization coupling is permitted but not paraliel-
polarization coupling for any polarization; in (¢) and (d) parallel-
polarization coupling is permitted but not cross-polarization cou-
pling; in (e) and (f) no two-beam coupling is permitted. The two
beams are assumed to enter the crystal symmetrically in these fig-
ures.

y=T ndryE%, (5)
A

where X\ is the vacuum wavelength of the beam. In deriving
Eqgs. (4) we assume the phase shift between the light-intensi-
ty modulation and the index grating to be optimal, ¢ = 7/2.
Note that the coupling constant 4 is real and is the same for
both parallel- and cross-polarization couplings. There are
two contributions to the holographic index grating in Eqgs.
(4), the A,B,* (or A,*B,) and A,B,* (or A,*B,) terms. The
relative phase of these two contributions is important be-
cause it determines whether the two terms enhance or de-
stroy the index grating. Thus the energyv exchange among
the four waves critically depends on the input polarization
states.

The exact solutions for all four waves in Eqs. (4) can be
derived as demonstrated in Ref. 16. However. in our experi-
ments the coupling coefficient 3 was only approximately 0.4
em~!, giving vL = 0.2, where L (=0.5 cm) is the interaction
length. One can therefore apply a weak-coupling approxi-
mation, vL << 1, which assumes no pump-beam depletion.

]
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Thus, using the initial conditions A.(0) = 0, A,(0) = 0, B.(0)
# 0, and B,(0) = 0, we can derive the following approximate
solutions for the probe-beam intensities:

AA*" 2
[B,(2)? = B,(O)? [1 + =2 * y2| e,
1y
V- WA
IB,,(z)f2 =|B,(0)F 12 (yz)’e %, (6)
0

Note that the intensity of the s component of the probe
beam, |B,(z)!2, may increase or decrease from its initial value
depending on the polarization state of the pump beam. In
addition, the intensity of the p component of the probe
beam, |B,(2)I2, is nonzero except at z = 0. This means that
although there is no p component in the probe beam initial-
ly, the p component will be created, and energy will be
coupled into it from the s component of the pump beam as it
passes through the crystal, thus producing cross-polariza-
tion two-beam coupling.

3. EXPERIMENTS AND RESULTS

The experimental configuration for demonstrating cross-
polarization two-beam coupling is illustrated schematically
in Fig. 3. The 1.06-um output of a cw Nd:YAG laser was
roughly collimated by a lens (Ly) and split into two beams,
the pump and the probe, by a beam splitter (BS) with 90%
reflectivity. These two beams were focused by 50-cm focal
length lenses L; and L,, polarized by calcite polarizers P;
and Py, and intersected in a semi-insulating (undoped) GaAs
crystal. The beam diameter of both beams was approxi-
mately 1 mm just before entering the crvstal. The intensi-
ties of the pump and the probe beams were approximately 1
W/em? and 10 mW/cm?, respectively. and the angle between
the beams was 90° outside the crystal. A neutral-density
filter ND was used in the probe beam to achieve the desired
intensity ratio between the pump and the probe beams.
The half-wave plate A\/2 was used in the pump beam to
control the initial mixture of the s and p components. Also,
a chopper CH was used to modulate the pump beam at
approximately 100 Hz. Finally, the probe beam transmit-
ted through the crystal was analvzed by a polarizing beam
splitter PBS, and the p and s components were simulta-

A= 1.06 um

BS

Fig. 3. The experimental arrangement used to demaonstrate cross-
polarization two-beam coupling
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Fig. 4. Typical oscilloscope traces of the signals from D; and D;
(see Fig. 3). demonstrating cross-polarization two-beam coupling:
top trace, s-polarization component of the transmitted probe beam,
IB,(L)I2, with the pump beam on; second trace from the top, p-
polarization component of the transmitted probe beam, 1B, (L2,
with the pump beam on; third trace, the zero Jevel of pr(L) = with
the probe off; bottom trace. the zero level of |B,(L){2. The triggering
cursor (labeled +) indicates when the chopper turned off the pump
beam.

neously monitored by photodetectors D, and D., respective-
ly. The crystal orientation used in our experiment is shown
in Fig. 1, as discussed in Section 2.

Typical oscilloscope traces of the signal, as detected by D,
and D», for initially s polarized pump and probe beams are
shown in Fig. 4. In this example cross-polarization coupling
is demonstrated explicitly; the probe beam gains energy in
the p-polarization component, although the probe and the
pump beams were initially purely s polarized. The signals
were averaged in a digital storage oscilloscope in order to
average out the laser-intensity fluctuation. which was ap-
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the light intensity coupled into the p-polarization compo-
nent. Inany case, what is significant about the traces in Fig.
4 is that they clearly indicate the presence of cross-polariza-
tion two-beam coupling: with no p-polarization component
initially, the probe beam gains energy in the p-polarization
component. In this particular example the s-polarization
component also gains energy. However, it can lose energy
according to Eqgs. (6), and, indeed, this is exactly what we
observed for certain initial pump-beam polarizations, as
shall be shown below.

The experiment described above was repeated using 70-
usec and 20-nsec (@-switched) Nd:YAG pulses at 1.06 um.
The experimental arrangement was identical to that of Fig.
3, except that L,, L,, and the chopper were removed. The
results of the 70-usec-pulse experiment, with both the pump
and probe beams initially s polarized, are shownin Fig. 5. In
these scope traces only the p-polarization component of the
transmitted probe beam is shown. The top trace shows
[B,(L)? with the pump on: the middle trace shows [B,(L)I2
with the pump off, indicating the amount of the probe-beam
leakage through the polarizers; the bottom trace shows the
pump beam scattering into D, when the probe was blocked.
Again, these traces clearly indicate the presence of cross-
polarization two-beam coupling. The cross-polarization
coupling in the pulsed regime was accomplished within a
single pulse; no pulse averaging was used. The results of the
20-nsec experiments were similar to those of the 70-usec
experiments and are not repeated here.

To compare our experimental data with the theoretical
calculations from Egs. (6) we have repeated the cw experi-
ments described above for various initial pump-beam polar-
izations. Equations (6) can be further simplified using the
approximation that the pump intensity is much stronger
than the probe intensity, a condition satisfied in our experi-
ments. The solutions for the transmitted probe beam can
then be written as

proximately 10% in our cw-laser output. The top two traces
of Fig. 4 represent the s- and p-polarization components of
the transmitted probe-beam intensity |B.(L)|? and |B,(L)*.
The modulation in the signal is from the pump being
chopped, showing the cross-polarization coupling gain when
the pump is on. The triggering cursor (labeled +) indicates
when the pump is turned off. (Note that the scales in the
top two traces are different.) The lower two traces repre-
sent the corresponding background-noise levels obtained by
blocking the probe beam [|B.(0)[2 = |B,(0)|* = 0}, thus moni-
toring the pump beam that is scattering spuriously into the
detectors. Another source of the background noise. which is
not indicated in the oscillograph, is the leakage through the
polarizers. With the crystal removed and the pump turned
off, the extinction of the probe between P, and PBS (what
D, sees) was measured to be approximately 1078, which is
what one expects from good-quality calcite polarizers.
However, with the GaAs crvstal inserted. the extinction
dropped to ~107>, probably because of the birefringence
induced by imperfections within the crystal. This small
leakage is not important for the ~-polarization component of
the transmitted probe beam but becomes important for the
p-polarization component. especially when the cross-polar-
ization coupling gainis small. However. in our experiments
the leakage was insignificant because it was less than 17 of

IB.(L)I* = |B,(0)?[1 + 7L sin(2¢)]e™"t,

IB (L) = |B,(MP[(yL)? cos® ¢]e L, (7)
f el

A SOy

1.%4 U cn2

Fig. 5. Typical oscilloscope traces of the cross-polarization cou-
pling signal (from Dj1 for T0-usec pulses at 1.06 um: top trace.
'B..(L)1- with the pump on: middle trace. B (L1 - with the pump otf.
hottom trace. with the pump on and the prabe oft to measure the
spurious pump scattering into the detector
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where the polarization of the pump beam is linear and forms
an angle y with the s-polarization direction. We can see
from Fig. 1 that y is 0° (or 180°) for a purely s wave and 90°
for a purely p wave. In our experiment various pump-beam
(linear) polarizations were achieved by rotating the half-
wave plate (Fig. 3), while both |B,(L)I? and |B(L)* were
monitored simultaneously. The experimental results and
the comparison with the theory are shown in Fig. 6. To
emphasize the ac component of the signal, we have plotted in
Fig. 6 the normalized quantities defined as

1 IB(L)I?

Normalized |B (L)[? = =1 =sin(2y),
’ AL | |B(0)eet v
_ ) IB(L)I
Normalized |B,(L)* = . , . =cos'y. (8)
(vL)B,(0)%e™"

The solid curves are the theoretical fit to the experimental
data points. Ingeneral there is good agreement between the
experimental points and the calculated values. indicating
that the theory, as well as the approximations used in deriv-
ing expressions (7), is valid. The slight asvmmetry in the
experimental points is attributed to the nonuniformity of
the half-wave plate. which would affect the initial pump-
beam polarization state. Similar cross-polarization two-
beam coupling results were recently reported for a contra-
directional cross-polarization coupling geometry using an
xyz-cut GaAs crystal. as shown in Fig. 2(b).

The coupling coefficient can be calculated from Fig. 6 and
expressions (7). We can solve for the coupling 4 L by taking
the ratio of the measured value of [B.(L)|- and |B,(L)|- at y =
0. Using the measured interaction length L of 0.5 cm, we
have calculated the cross-polarization coupling coefficient 5
to be approximately 0.4 cm™~!. This value is consistent with
the gain coefficient measured** for parallel-polarization cou-
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Fig. 7. The cross-polarization coupling coefficient versus the fre-
quency detuning of the probe beam in nondegenerate photorefrac-
tive two-beam coupling. From the degradation of the coupling
efficiency the photorefractive response time  can be calculated. In
this experiment 7 is measured to be ~0.5 msec at 1 W/cm? and ~0.2
msec at 10 W/cm®. The solid and dashed curves are the theoretical
fits to the experimental data for 1 and 10 W,cm-, respectively.

pling in the same sample. According to the theory the gain
coefficients for both parallel- and cross-polarization cou-
pling should be the same.

The photorefractive response time of our GaAs crystal was
measured using nondegenerate cross-polarization coupling.
Here, the frequency of the probe beam was shifted relative to
the pump beam, and the degradation in the cross-polariza-
tion coupling efficiency was monitored. To frequency shift
the probe beam, a pair of acousto-optic (AO) cells. each with
an approximate 5-MHz bandwidth centered at 80 MHz. was
cascaded so that a frequency upshift from the first cell could
be nearly compensated for by a frequency downshift from
the second cell. Using this arrangement and varving the
relative driving frequency of the two AO cells. we have
achieved a frequency detuning ranging from approximately
100 Hz to 10 MHz (with approximately 100-Hz resolution:.
which is the range needed for the measurement of the pha-
torefractive response time in GaAs. The experimental ar-
rangement for these response-time measurements was es-
sentially identical to that of Fig. 3. except for the introduc-
tion of the AO cell assembly into the probe heam. a~
described above. The incident pump and probe beams were
purely s polarized throughout this experiment. The mea-
sured p component of the transmitted probe heam. arising
from the cross-polarization coupling. is shown as a function
of the frequency detuning in Fig. 7. The experimenial
points were fitted according to the theory of nondegenerate
two-wave mixing (for the grating that is exactly = 2 out of
phase with respect to the intensity modulation} with the
coupling coefficient given by#

Yo

. 9
14 (2rAf7-

1 (Af)r =
where ~. is the coupling coefficient for degenerate two-beam
coupling. Af is the frequency detuming. and = 1= the response
time of the medium  In Fig. 7 the experimental puints. the
filled circles and filled triangles. which indicate the total
mtensities of 1 and 10 W ¢m _respectively . correspond rea
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sonably well to the theoretical curves. The response time
calculated from these curves is r = 0.5 msec for 1 W/cm? and
r = 0.2 msec for 10 W/cm? The slight asymmetry in the
experimental points indicates that the phase between the
grating and the intensity modulation is not exactly n/2.2°

Our sample exhibited relatively high dark conductivity
(~10"7 Q-1 ecm~!). The effect of high dark conductivity is
manifested in Fig. 7 as the intensity-dependent coupling
coefficient yo. The saturation intensity at which the light-
induced process completely dominates the dark-conduction
process was near 10 W/cm2, which is much higher (102-103
times) than what has been reported.!® However, this is not
surprising because great differences exist among various
GaAs samples, owing to the different stoichiometry involved
in growing each sample. The effect of dark conductivity is
also evident in the measured time constant . The fact that
7 is not reduced by 10 times when the total intensity [ is
increased by a factor of 10 indicates the presence of a strong
dark-conduction process; nonlinear mechanisms can also
contribute to the observed deviation from the linear rela-
tionship between 1/r and /.26

4. CONCLUSIONS

We have demonstrated cross-polarization two-beam cou-
pling in a semi-insulating GaAs crystal by using both cw and
pulsed Nd:YAG laser beams at 1.06 um. The cross-polariza-
tion coupling coefficient was measured to be approximately
0.4 cm~!, which agrees well with the previously measured
value obtained using parallel-polarization coupling. An
analysis of the polarizations of the transmitted probe beam
for various initial pump-beam polarizations showed that the
experimental points closely followed the calculated func-
tional form. This indicates that the theory is valid, as are
the approximations. Using nondegenerate cross-polariza-
tion two-beam coupling, we measured the photorefractive
response time to be approximately 0.5 msec for 1-W/cm?
intensities. This agrees well with the response time mea-
sured using parallel-polarization coupling in the same crys-
tal. Although the demonstrated coupling efficiency (y = 0.4
cm~!) was not high compared with the bulk optical absorp-
tion (o = 1.8 cm™!), the unique property of cross-polariza-
tion two-beam coupling may find applications in such areas
as optical image and signal processing, especially with the
anticipated improvements in photorefractive materials.
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We demonstrate energy exchange by nondegenerate two-wave mixing in ruby. Qur results are in agreement with
the theory of nondegenerate two-wave mixing when the theory is generalized to take into account a complex
nonlinear index. Two-wave mixing gain exceeding the absorption and reflection losses is demonstrated. and we
show that these experiments provide a simple and accurate method for determining the complex nonlinear index.

response time, and saturation intensity of the medium.

In two-wave mixing (see Fig. 1) the interference of two
light waves results in a spatial modulation of the opti-
cal susceptibility of some medium. The two waves
then interact through this grating. and a net energy
transfer between the two waves takes place when the
grating is shifted in phase with respect to the interfer-
ence pattern. Energy transfer is observed in photore-
fractive media, where a phase shift of approximately
90° results from the grating formation process.! In
other media, where the grating is usually in phase with
the interference pattern. it is possible to produce a
phase shift between the grating and the interference
pattern, and to observe energy transfer, by moving the
grating at a rate comparable with the response time of
the medium. This can be accomplished in one of
several ways: by nondegenerate two-wave mixing
(NDTWM) in which a frequency shift between the
interacting waves results in a moving interference pat-
tern, by moving the medium itself,? or by using the
Lorentz force to move the free-carrier grating in a
semiconducting medium.® NDTWM takes place in
such stimulated scattering processes as Ravleigh line,
Brillouin, Rayleigh wing, and Raman scattering. In
these processes the corresponding nonlinearity is in-
creased by the resonant @, @ = f/Af (for backward
stimulated Brillouin scattering in CS,. @ ~ 100).
However, since the corresponding nonlinearities (Kerr
effect, in which a change of polarizability of individual
molecules is due to field-induced deformation and re-
orientation, and electrostriction and absorptive ther-
mal nonlinearities) are small to begin with, the power
densities required for these effects to be observed are
still very large (~10 MW/cm?). It is therefore surpris-
ing that NDTWM in saturable resonant media has not
been investigated extensively, since the corresponding
nonlinearities can be many orders of magnitude higher
and the power densities required can be many orders
of magnitude lower. To our knowledge there are onlv
two other reports of such investigations. one using
sodium vapor* and another using a fluorescein-doped
glass.> In this Letter we present the details of our
work on NDTWM in rubv.® We show that our results
are in agreement with the theorv of NDTWM" when it
is generalized to take into account a complex nonlinear
index, we demonstrate two-wave mixing gain exceed-
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ing the absorption and reflection losses. indicating
that NDTWM can be used for optical amplification.
and we point out that these experiments provide a
simple and accurate method for determining the com-
plex nonlinear index, response time, and saturation
intensity.

For a light wave of intensitv I much less than the
saturation intensity I, in ruby. the refractive index is
given byt

n=ny+n,l. (1)

where ng is the linear refractive index and the nonlin-
ear index n; is complex to account for changes in the
absorption as well as the refractive index:

n.=n, —in,". (2)

The problem of NDTWM in media with a refractive
index described by Eq. (1) is solved in Ref. 7. For a
pump of intensity /, interacting with a much weaker
probe wave of intensity /»,

IAL) = 12<0)exp(q o=r a)L. (3)
1+

NONLINEAR
MEDIUM

/’
\

GRATING

—
2

Fig. 1. Schematic of two-wave mixing. Two beams inter-
fere in a nonlinear medium and modulate the optical suscep-
tibility to produce a grating. When the frequency shift
between the two beams is of the order of the response time of
the medium, the modulation of the optical susceptibility is
shifted spatially with respect to the interference pattern.
and one beam gains energy from the other.
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DETUNING

Fig. 2. Calculations of the nondegenerate two-wave mixing
gain as a function of the frequency detuning between the two
waves for various ratios r of the imaginary to real parts of the
nonlinear index n..

where the coupling coetficient 4 is given by

27 1-et
= .-~ n,'l. (4)
7 A cos(#/2) ( al ) -
The detuning & is the product of the frequency differ-
ence between the two waves and the response time of
the medium [6 = (w; — w.)7]. r = ny"/n,. X is the
wavelength of the pump and probe waves, # is the
angle between the pump and probe waves. a is the
absorption coefficient, and L is the length of the medi-
um.

Figure 2 shows plots of the two-wave mixing gain
parameter I'; defined by

I{L.%) 5 5"
Iy=ln =,L"F (3)

=ln = = .
LL,0) "7 45

forr =0, —1/3.and —1. The values of T'; are normal-
ized to their minimum values. For r = 0. I'; is an
antisvmmetric function of the detuning 0. sv thatr = 0
can be recognized by a departure from antisvmmetry.

Our experimenial setup is shown in Fig. 3. Light
from an argon laser is focused by lens L (focal length.
0.8 m) into a ruby crystal. Most of the light (approxi-
mately 99%) is reflected by beam splitter BS to pro-
vide the pump wave for NDTWMI; the remaining 1% of
the light provides the probe wave. The power in the
pump wave is 0.5 W, the spot size is approximatelv 0.3
mm, the interaction length is 1 c¢m, and the angle
between the pump and probe waves is 0.3°. The tre-
quency of the probe is shifted by reflecting it from a
mirror mounted to a piezoelectric transducer (PZT).
An aperture (A) blocks the transmitted pump wave.
and the transmitted probe wave is measured by a de-
tector and displaved on an oscilloscope. Figure 4
shows a photograph from the oscilloscope. The lower
straight trace. a, was recorded with the pump blocked.
and the upper straight trace. b. representing [.(L. ).
was recorded with the pump on hut with no frequency
<hift. The tact that trace b is higher than trace a
represents the saturation ot the absorption bv the
pump wave. With a triangular voltage wave t1race ¢!
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applied to the PZT. a square-wave signal itrace d)
results for the transmitted probe. In the left half of
the photograph the voltage applied to the PZT is de-
creasing, the probe is upshifted with respect to the
pump (negative 4). and energy flows from the probe
wave into the pump wave as indicated bv the fact that
trace d drops below trace b to a level [.(L, 57). In the
right half of the photograph the voltage applied to the
PZT is increasing, the probe is downshifted with re-
spect to the pump, and energy tlows from the pump
wave into the probe wave as indicated by the fact that
trace d rises above trace b to a level I.(L, §*).

By varying the period of the the triangular voltage
wave driving the PZT and measuring I,(L.0). [.(L.67),
and I,(L, 6*), one can obtain the two-wave mixing gain
parameter I')(5) defined by Eq. (3). Figure 5 shows
fits of ['1(6) to measurements made at 488 and 580 nm
tusing a dve laser). At both wavelengths. I'|(5) is
approximately antisvmmetric, indicating that the
contribution due to the refractive-index grating domi-
nates over that due to the absorption. At 488 nm. Eq.
13) with r = 0 provides a good fit to the data (solid line
in Fig. 5). The fit gives a value tor the excited-state

lifetime = = 3.4 msec and for the nonlinear index n, =
"= 107" em2/W. (If one is careful in measuring the
M1 M14\ . ‘A 0
| S— — >—

RUBY

v SCOPE | _7_ |

Fig. 3. Experimental setup for nondegenerate two-wave
mixing in ruby. Light from a laser is split into two beams
tpump and probe) that interfere in a rubyv crvstal. The
probe beam is frequency shifted hy a mirror {M2) mounted
to a PZT and measured by detector D. A voltage source
applies a triangular wave to the PZT.

ARGON "
P2T
LASER v A
8BS

Fig. 4. Photograph from oscilloscope (see Fig. 3) showing
two-wave mixing attenuation and gain. Traces a and b show
the transmitted prohe power as measured by detector ) with
the pump beam blocked and unblocked. respectively. but no
trequency shift. Trace ¢ shows the voltage applied to the
PZT to produce a trequency shitt. and trace d shows the
corresponding attenuation and vain tor the probe. Zero is
indicated by the cros< in the lower left, one honizontal divi-
~ton corresponds to 20 msec. and the vertical axis gives
relative inten-ity.,
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Fig. 5. Measurements of the nondegenerate two-wave mix-
ing gain in ruby as a function of frequency detuning between
the two waves for various wavelengths. At 486 nm the gain
is antisvmmetric, indicating an index grating. while at 580
nm there is a departure from antisvmmetry, indicating a
mixed grating {index and absorption).
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Fig. 6. Measurements of the nondegenerate two-wave mix-
ing gain in ruby as a function of the intensity of the pump
wave at 515 nm.

spot size and taking into account the intensity profile.

one can obtain an accurate determination of n. by
using this technique.) These values are in good agree-
ment with those obtained in Ref. 8. At 380 nm. I'}(7)
departs slightly from antisymmetry je.g.. ['jt4 = +10)
= I'y(6 = —101] and the fit of Eq. (3 to the data
{dashed line in Fig. 5) gives r = —0.1, indicating that
saturated absorption is contributing to the nonlinear

index. At 606 nm we have observed a positive value of
r.indicating that the absorption of the excited state is
greater than that of the ground state at this wave-
length.

When the pump intensity [, exceeds the saturation
intensitv /., the nonlinear index. and therefore the
gain, Is reduced by a factor 1/(1 + 1,/1.)-. Tostudy the
effect of saturation. we measured the two-wave mixing
gain parameter I'>(/y),

I(L. 6= +1) I,

In =9 :
I,(L,6=-1) (141,710

Ty

"

(6}

at 515 nm. Figure 6 shows a fit of Eq. (6} to the
measurements of I'», where I'. is normalized to its
maximum value. The fit gives a value of I, = 1.5 kW,
cm-. in good agreement with previously calculated val-
ues.”

In conclusion. we have demonstrated energyv ex-
change by NDTWNM in ruby and have shown that our
results are in good agreement with theorv. By operat
ing at 488 nm with a pump intensity of the order »f the
saturation intensity we have observed a net two-wave
mixing gain (exceeding the absorption and reflection
losses) of 50%, indicating that it should be possible to
construct oscillators. (It should be noted. however.
that such gain is accompanied by strong self-focusing.)
These experiments provide a simple and accurate
method for determining the complex nonlinear index.
response time, and saturation intensity of resonant
saturable media.

This research is partially supported by the U.S. Of-
fice of Naval Research under contract NOO0O14-85-C-
0219.
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We demonstrate an externally pumped phase conjugator that preserves polarization on reflection and does not
exhibit the frequency shift present in self-pumped phase conjugators. OQur results show that for linearly polarized
incident light the phase-conjugate reflection reproduces the angle of polarization to within the experimental error of
1%. For circularly polarized incident light. our results show that the helicity of polarization is preserved on

reflection.

The distortion resulting from the propagation of a light wave
through an aberrating medium can be corrected by generat-
ing a time-reversed wave with a phase conjugator that prop-
agates back through the aberrating medium. However,
most phase conjugators reflect only one polarization state,
and therefore they do not produce time-reversed waves
when the incident light is of arbitrary polarization. As a
result, most phase conjugators do not correct for the changes
in polarization induced by optically anisotropic media.
Only a phase conjugator for which the conjugate reflection
has the same polarization as the incident wave can produce
true time-reversed waves that correct for both the wave-
front distortions and the changes in polarization induced by
optically anisotropic wave-front distorting media.}

Phase conjugation was demonstrated first by stimulated
Brillouin scattering (SBS) in methane.? It was realized that
polarization is not preserved in SBS.? In fact, circularly
polarized light changes handedness in SBS, as it does when
reflected from a normal mirror. Polarization-preserving
phase conjugation was first proposed and demonstrated by
Basov and co-workers using a scheme in which an incident
beam is converted into two linearly polarized beams before
entering the SBS cell.* During this time, phase conjugation
by four-wave mixing was proposed® and demonstrated in
CS2.8 In 1979 Zeldovich and Shkunov proposed two addi-
tional schemes for polarization-preserving phase conjuga-
tion by four-wave mixing in isotropic media.” The first
scheme, utilizing counterrotating circularly polarized pump
waves, was first demonstrated by Martin et a/. in CS,.¢ The
second scheme, utilizing a geometry in which the probe
beam propagates perpendicular to the pump waves, was first
demonstrated by Blashchuk et al., again in CS..2 Polariza-
tion-preserving phase conjugation was also obtained by
four-wave mixing in a two-photon absorber.! In addition
to the pioneering works mentioned above. which deal with
the specific problem of polarization-preserving phase conju-
gation, there are more recent works dealing with the general
polarization properties of phase conjugators.i!

We reported!? recently on the demonstration of a polar-
1zation-preserving phase conjugator (PPPC) using the Ba-

0740-3224/88/040863-03%02.00

sov scheme* with a self-pumped crvstal of barium titanate
(BaTiO3) as the conjugator. However. the self-pumped con-
jugator produces a reflection that is shifted in frequency
with respect to the incident wave.!® This shift may not be
tolerable in interferometric applications. In this Communi-
cation we report on the demonstration of a PPPC using the
Basov scheme with an externally pumped conjugator that
does not have this frequency shift. Experimental results are
presented showing that the externally pumped PPPC repro-
duces the polarization of the incident wave.

Our experimental setup is shown in Fig. 1. We use an
argon-ion laser operating in multilongitudinal mode at 514.5
nm. The arrangement of optical components BS2, M1, M2,
M3, BaTiO;, PBS, and A\/2 (shown as a solid line) forms a
PPPC for light incident from the left on the polarizing beam
splitter PBS. The remaining optical components are used
to test the PPPC. External pumping waves for four-wave
mixing in the crystal of BaTiO; are provided by the reflec-
tion from mirrors M1 (power, ~4 mW) and M2 (power. ~1
mW). The polarization components transmitted and re-
flected by the PBS are probe waves (total power, ~0.5mW).
Optical path lengths are adjusted to ensure that the pump
and probe waves are coherent at the crystal. The half-wave
retarder A\/2 (shown as a solid line) rotates the polarization of
one probe so that all waves entering the BaTiOj crystal are
extraordinary. The conjugate reflections of the probe waves
recombine at the PBS to form a phase-conjugate wave that
has the same polarization as the incident wave. However,
this result occu=s only when the phase-conjugate reflectivity
is the same for both probe waves. For this reason, we made
the angle between the probe waves small. After initial
alignment we found that the reflectivities of the probe waves
were not equal. To solve this problem, the alignment of the
probe wave having the highest reflectivity was adjusted to
obtain equal reflectivities. We should be sble to avoid this
procedure if we use an angle of incidence for the probe waves
at which reflectivity is maximum and changes little with
angle. To test the PPPC, either a half-wave retarder A/2 or
a quarter-wave retarder A/4 (shown as a dashed line) is
inserted into the experimental setup and used to alter the
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Fig. 1. Experimental setup used to test the externally pumped PPPC.
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Fig. 2. Measured angle of polarization for the reflection from the
PPPC versus the angle of polarization for the incident wave. Zero
degrees corresponds to polarization in the plane of Fig. 1.

polarization state of light incident on the PPPC. The conju-
gate reflection from the PPPC is sampled by beam splitter
BS3 and analyzed by the combination of polarizer P and
detector D. Because BS3 is an uncoated pellicle beam split-
ter used near normal incidence (the angle of incidence is
exaggerated in the figure; the actual angle of incidence is 2°),
the reflection coefficients for s and p polarizations are nearly
equal (to within 0.2%), and the polarization measured by P
and D is nearly the same as that of the conjugate reflection.

In our first test, we rotate the polarization of the light
incident upon the PPPC to various angles using the half-
wave plate A/2 (shown as a dashed line) and measure the
corresponding angles of polarizations for the phase-conju-
gate reflection. Our measurements are shown in Fig. 2 as
open circles; the diameters correspond to their uncertainty.
The phase-conjugate reflection from a PPPC should have
the same angle of polarization as the incident wave. as indi-
cated by the solid line in Fig. 2. The excellent fit of the

measurements indicates that our externally pumped PPPC
preserves the angle of polarization to within 1%. The mea-
sured power ratio of the minor polarization axis to the major
axis never exceeded 5%.

To demonstrate that the externally pumped PPPC repro-
duces the helicity of polarization on reflection, a quarter-
wave retarder A/4 (shown as a dashed line in Fig. 1) is placed
between BS3 and PBS and is oriented such that light inci-
dent upon the PPPC is converted from linearly polarized
light (in the x direction) to circularly polarized light. Figure
3 shows the measured polarization ellipses for the reflections
from a normal mirror and from the externally pumped
PPPC. Light reflected from a normal mirror changes heli-
city, and, after passing back through the quarter-wave re-
tarder, the reflected light has a polarization orthogonal to
that of the incident light. This principle is the one by which
quarter-wave isolation works. On the other hand. light re-
flected by the PPPC has the same helicity as the incident

90°

NORMAL

MIRROR

lxlly = 1%)
X 44—— 0°
/:HASE-

CONJUGATE
MIRROR
(Iy/ix =2%)

Y

POLARIZATION AFTER DOUBLE
PASS THROUGH QUARTER-WAVE RETARDER

Fig. 3. Reproduction of the helicity of polarized light by the exter-
nally pumped PPPC. [, and I, are the intensities measured along
the x and » axes. respectively. The x axis corresponds to polariza-
tion in the plane of Fig. 1.
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light and returns to its original polarization state after pass-
ing back through the quarter-wave retarder.

The electro-optic coefficients in BaTiO; are such that the
diffraction efficiency of the photorefractive gratings is much
greater for extraordinary waves than for ordinary waves. To
take advantage of this feature, al! waves entering the crystal
in our experiments had extraordinary polarization. For the
most part, changing the polarization states of the pumping
waves will reduce the reflectivity of the PPPC without af-
fecting the polarization-preserving properties. As long as
the extraordinary components of the two pumping waves are
conjugates of each other, the polarization-preserving prop-
erties will not be affected by pump waves having random
polarization over their wave fronts. However, if the pump-
ing waves are not conjugates of each other, the fidelity of the
PPPC will be affected in the same manner as would any
conjugator. Although we have not verified this experimen-
tally, we expect that our PPPC will produce a true time-
reversed replica of a probe wave having random polarization
over its wave front.

We have demonstrated an externally pumped polariza-
tion-preserving phase conjugator. The experimental results
show good reproduction of the polarization of the incident
wave, although the reproduction is not so good as that ob-
tained previously with a self-pumped PPPC.1? We believe
this is due to the problem of balancing the conjugate reflec-
tivities for the two probe waves and can be solved as noted in
the text. The advantage of this scheme over the previous
one is the absence of any frequency shift in the phase-conju-
gate return.
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Phase conjugation is used to correct the detrimental effects of modal scrambling in a passive optical gyro that uses
multimode fiber. A proof-of-principle demonstration of rotation sensing is presented.

Modal scrambling is a major source of noise and signal
fading in fiber-optic gyros.! Therefore the most sen-
sitive fiber-optic gyros use single-mode polarization-
preserving fiber and couplers.? Phase conjugation
can be used to correct modal scrambling®-% and can
also be incorporated into the construction of fiber-
optic gyros.>? In this Letter we describe and demon-
strate the combination of these two possibilities: a
passive phase-conjugate fiber-optic gyro using multi-
mode fiber. To our knowledge, this is the first demon-
stration of rotation sensing with a phase-conjugate
multimode fiber gyro. Multimode fiber gyros have
been made without phase-conjugate mirrors, but in
that case the fringe visibility is reduced by the number
of fiber modes.!0-12

Figure 1 shows a schematic of a phase-conjugate
fiber-optic gyro. Light from a laser is split by beam
splitter BS and passed into two fibers, F1 and F2 by
means of mirror M. F1 and F2 are coiled such that the
incident light travels counterclockwise (CCW) in F1
and clockwise (CW) in F2. Light waves traversing the
fibers experience reciprocal phase shifts due to propa-
gation and environmental effects and nonreciprocal
phase shifts due to the Sagnac effect. The phase-
conjugate mirror PCM produces time-reversed waves
that correct the reciprocal phase shifts when they
propagate back through the fibers but do not correct
the nonreciprocal phase shifts. The phase difference
¢ between the recombining waves at detector D is
given by?

¢ = 4x(R,L, + R,L,)Q/\c,

where Ry, R; and L,. L, are the radii and lengths,
respectively, of fiber coils F1 and F2, Q is the rotation
rate, X is the wavelength, and c is the speed of light.
Since the phase difference ¢ is proportional to the
rotation rate 2, the output of detector D can be used to
sense rotation.

Figure 2 shows the experimental setup of the phase-
conjugate multimode fiber gyro. Instead of using two
separate fibers to carry CW and CCW traveling waves
as shown in Fig. 1, we use polarization states to distin-
guish the CW and CCW waves in our experimental
setup. The laser is an argon-ion laser operating multi-
longitudinal mode at 515 nm. The highly reflective
beam splitter BS isolates the laser from retroreflec-
tions. The single-mode polarization-preserving fiber

0146-9592/87/121023-0382.00/0

F1 couples light from the laser to the remaining part of
the apparatus that is mounted on a rotating table.
Lenses L1 and L2 (20X microscope objectives), respec-
tively, focus light into F1 and collimate the output.
The output end of F1 is oriented such that the polar-
ization of light emerging from the fiber is at an angle of
45° to the plane of the figure. This light (power ~10
mW) is then focused by lens L3 (focal length f = 10 cm)
into the multimode fiber cuil. The coraponent polar-
ized in the plane of the page is transmitted by the
polarizing beam splitter PBS1 and travels as a CCW
wave in the fiber coil, whereas the component polar-
ized perpendicular to the page travels as a CW wave.
The fiber coil consists of approximately 20 m of grad-
ed-index multimode fiber (core diameter 50 um, nu-
merical aperture 0.2, attenuation 30 dB/km) coiled in
a square of 0.57-m sides. Because of modal scram-
bling in the fiber, when the counterpropagating waves
(CW and CCW) exit from the coil, their energy will be
randomly distributed among the spatial and polariza-
tion modes at the fiber output. Therefore one half of
the light from each wave will exit the port of PBS1 that
returns toward the laser. The other one half of the
light is collected by lens L4 (f = 10 cm), and one half of
that (one quarter of the total) passes through polarizer
P oriented at 45° to the page, in order to produce

D
0
F1
BS
| LASER lﬁ
PCM
N
M

Fig. 1. Schematic of a passive phase-conjugate {iber-optic
gyro. Light split by beam splitter BS is passed into fibers F1
and F2 by means of the mirror M, where it experiences phase
shifts due to thermal, mechanical, and rotational effects.
The phase-conjugate mirror PCM produces time-reversed
waves that correct the reciprocal phase shifts but not the
nonreciprocal phase shifts produced by rotation. Rotation
can be sensed by measuring the interference between the
recombining waves at detector D.
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MULTIMODE
FIBER COIL

BaTiQ) A

Fig. 2. Experimental setup of the passive phase-conjugate
multimode fiber gyro. Laser light is incident upon polariz-
ing beam splitter PBS1 with polarization at 45° to the plane
of the page. The components reflected and transmitted by
PBSI1 travel CW and CCW, respectively, in the multimode
fiber coil. Part of the light exiting from both ends of the
fiber passes through PBS1, lens L4, polarizer P, half-wave
retarder A/2, and chopper CH and is incident upon a phase
conjugator BaTiO;. Part of the reflected light retraverses
the fiber in both directions, recombines at PBS1, and travels
back to the laser. This light is sampled by the reflection
from one surface of L3 and is passed through the pinhole PH
to reject light that is not phase conjugate. The quarter-
wave retarder \/4 biases the gyro for maximum sensitivity,
and the half-wave retarder \/2 is oriented such that the
interferences at detectors D1 and D2 contain equal compo-
nents from the original CW and CCW waves. The signals
from the detectors go to a differential amplifier, a lock-in
amplifier, and an oscilloscope.

linearly polarized light with equal contributions from
the CW and CCW waves. The polarization of the light
exiting from P is rotated back into the plane of the
page by a half-wave retarder A/2. The light is then
chopped at 200 Hz by chopper CH and is incident
upon a barium titanate crystal BaTiO; with extraordi-
nary polarization so that efficient self-pumped phase
conjugation!3 occurs. The power incident upon the
crystal is ~1 mW, and the phase-conjugate reflectivity
is ~20%.

The phase-conjugated light will retraverse the fiber
in both directions, recombine at PBS1, and travel back
toward the laser. This light is sampled by the reflec-
tion from the uncoated plano surface of L3 (plano
surface of L3 faces L.2) and is also focused by L3
through pinhole PH (diameter d = 150 um). The
pinhole acts as a spatial filter to pass the phase-conju-
gated light and to block returning light that is not the
phase conjugate.®> Although the filter may not be
essential to the measurement of the gyro signal, it
greatly enhances the signal-to-background-noise ra-
tio. Lens L5 (f = 5 cm) collimates the light passing
through the pinhole. The quarter-wave retarder \/4
produces a 90° phase shift between the CW and CCW
waves and biases the gyro at the point of maximum
sensitivity. The half-wave retarder is oriented such
that the interferences of the iight passing through
PBS2 and measured by detectors D1 and D2 contain
equal components from the origina! CW and CCW

waves. The power incident upon each detector is ~1
#W. Thesignals from these detectors go to a differen-
tial amplifier, a lock-in amplifier referenced to the
chopper frequency, and a digital oscilloscope.

Figure 3 shows representative signals from the oscil-
loscope. For the upper photograph the gyro was first
stationary; then it was rotated clockwise, stopped, and
then rotated counterclockwise for several cycles with
an amplitude of approximately 6°/sec. Each vertical
division corresponds to a 0.10-rad phase shift, and
each horizontal division corresponds to 5 sec. The
time required for the gyro rotation signal to reach
steady state after each rotational acceleration has end-
ed is a result of the response time of the BaTi0O3 phase
conjugator (seconds at milliwatt power levels) and the
time constant set on the lock-in amplifier (1 sec). The
experimentally measured phase shift is in good agree-
ment with the predicted phase shift of 0.09 rad. Vari-
ous rotational amplitudes and periods were examined.
In all cases, the signal decayed only after the rotation
had stopped. The background-noise level with the
gyro stationary is shown in the lower photograph (the
vertical scale is five times more sensitive). Short-
term noise corresponds to a sensitivity that is an order
of magnitude larger than that required to measure the
rotation rate of the Earth. At present, we do not know

GYRO
ROTATION
SIGNAL

BACKGROUND
NOISE LEVEL
(VERTICAL
SCALE +5)

Fig. 3. Measurement of the Sagnac phase shift in the
phase-conjugate multimode fiber gyro. The upper photo-
graph is taken from the oscilloscope mentioned in the cap-
tion of Fig. 2. Each vertical division corresponds to a 0.10-
rad phase shift. and each horizontal division corresponds to
5 sec. g‘"irst the gvro was stationary: then it was rotated CW,
stopped. and then rotated CCW for several cvcles with an
amplitude of approximately 6°/sec. The measured phase
shift is in good agreement with the predicted phase shift of
0.N9 rad. The lower photograph shows the background-
noise level tgvro stationary) on a scale five times more sensi-
tive than in the upper photograph.



the source of the short-term noise. Also apparent in
the photograph is drift on a longer time scale, which is
thought to be due to changes in the phase-conjugate
reflectivity of the self-pumped conjugator.

It should be noted that most of the original optical
energy entering the fiber coil does not reach the detec-
tors in our simple experimental configuration. As
noted above, one half of the light is lost when the CW
and CCW waves pass through PBS1 on their way to
the phase conjugator. Another one half is lost when
the waves go through polarizer P. For the reflected
light, only one half of the original CCW wave will
reenter the fiber as a CW wave, and of this light, only
one half (one quarter of the original energy in the
CCW wave) is the phase conjugate of the original CCW
wave. The other one half of this light returns scram-
bled among the various spatial and polarization modes
of the fiber.5 Combining these factors and assuming
unit phase-conjugate reflectivity and lossless optics,
we find that only one sixteenth of the original energy
returns to lens L3 in the original spatial and polariza-
tion mode, of which 4% is reflected and directed to-
ward the detectors. Most of the light arriving at the
pinhole PH is not phase conjugate. Fortunately, this
light is distributed over the full numerical aperture of
the fiber, and most of it is rejected by the pinhole.4®
The portion of this non-phase-conjugate light that
passes through the pinhole acts as a source of noise.
The losses resulting in the factor of one sixteenth men-
tioned above arise from two sources and can be elimi-
nated by using a different optical configuration as
noted below. The first source of loss is due to the
configuration required to use a single multimode fiber
coil. In this configuration, light consisting of many
modes having random polarization must pass through
a polarizing beam splitter (PBS1 in Fig. 2) twice: once
when it leaves the fiber on its way toward the conjuga-
tor and once when it returns to the fiber from the
conjugator. This results in a loss of 1/2 X 1/2 = 1/4.
This loss can be avoided by using the configuration
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having two fibers shown in Fig. 1. The second source
of loss is the non-polarization-preserving phase conju-
gator formed by optical elemenis P, M/2, and BaTiOs.
This results in an additional loss of 1/4,5 which can be
avoided by using a polarization-preserving phase con-
jugator.?

In conclusion, we have described and demonstrated,
for the first time to our knowledge, rotation sensing
with a phase-conjugate fiber-optic gyro using multi-
mode fiber.

This research is supported by the U.S. Office of
Naval Research under contract N0014-85-C-0219.
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Image restoration after a double pass through a multimode fiber using a polarization-preserving phase conjugator is
demonstrated. Results indicate that the resolution of the restored image is limited by the number of guided modes
and that the contrast is restored only when the phase conjugator preserves polarization on reflection.

It is well known that image information, encoded as a
spatial intensity pattern, is rapidly scrambled because
of mode coupling as it propagates in a multimode
fiber. The image information will be completely
scrambled (energy leaving the fiber is randomly dis-
tributed among all the spatial modes as well as the
polarization modes) when the beam diffraction is large
enough to result in many reflections off the fiber core
walls (i.e., A\L/d?>> 1; L is the fiber length, d is the fiber
diameter, and X is the wavelength).! The concept of
using phase conjugation to restore the original image is
not new.>* An image is sent through a multimode
fiber, and the scrambled output is reflected from a
phase conjugator. After traversing a second identical
fiber or retraversing the same fiber, the output image
is proportional to the input image. In principle, the
first case involving two identical fibers can be used to
transmit images through fibers. However, in practice
it is unlikely that the mode coupling of two fibers will
be identical, and to the best of our knowledge such a
case has never been demonstrated. The latter case of
image restoration involving a double pass through a
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single fiber has been demonstrated by using phase
conjugators that do not preserve polarization.>® Ina
recent paper! we demonstrated that in multimode-
fiber systems the recovery of the original spatial and
polarization modes takes place only when the phase
conjugator preserves polarization on reflection.” In
this Letter we report on image restoration after a dou-
ble pass through a multimode fiber using a polariza-
tion-preserving phase conjugator. We present results
indicating that the spatial resolution of the restored
image is limited by the number of guided spatial
modes and is therefore independent of whether the
phase conjugator preserves polarization. However,
we also present results indicating that the contrast of
the original image is restored only when the phase
conjugator preserves polarization on reflection.

In order to studyv image restoration after a double
pass through a multimode fiber using phase conjuga-
tion, we set up the experiment shown in Fig. 1. Lin-
early polarized light from an argon-ion laser operating
in a single longitudinal mode on the 514.5-nm transi-
“ion is expanded by lens L, (focal length f = —2 cm)
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Fig. 1. Experimental setup used to demonstrate image restoration after a double pass through a multimode fiber by
polarization-preserving phase conjugation. The image impressed upon the expanded argon-ion laser beam by transparency T
is focused into a multimode fiber (MMF). Light leaving the MMF is reflected from the PPPC formed by the optical elements
PBS. M;-M;, M2, and the BaTiO, crystal. The effect of conjugating only one polarization component can be observed by
blocking one of the output heams from the polarizing beam splitter PBS. After propagating back through the fiber, the
restored image is sampled by beam splitter BS. analvzed by polarizer P. and photographed at the image plane.
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Fig. 2. Photographs demonstrating image restoration after
a double pass through a multimode fiber by polarization-
preserving phase conjugation. The first row of photos
shows the input image patterns (a resolution chart and a
grav-scale grid) impressed upon the laser beam. and the
second row of photos shows the scrambled single-pass fiber
output. The third and fourth rows show photographs, taken
at the image plane in Fig. 1, of the image reconstructed by
phase conjugation after a double pass through the multi-
mode fiber. For the third row, the PPPC is at the fiber end.
and for the fourth row, une of the outputs from the polariz-
ing beam splitter in Fig. 1 is blocked to illustrate the effect of
conjugating only one of the polarization components
(NPPPC). Although the resolution is comparable for the
two cases. the contrast is severely degraded in the case of the
NPPPC.

and collimated by lens L., (f = 15cm).  After an image
is impressed upon the expanded beam by transparen-
cy T, it is focused into a step-index multimode fiber
MMF (core diameter d = 100 um, numerical aperture
N.A. =03,lengthL = 100m)bylensL;(f=5cm,D =
4 cm). The quarter-wave retarder A/4 is used in con-
junction with the polarizer P to eliminate the reflec-
tion from the air-fiber interface at the fiber input end.
The light leaving the fiber is collimated by a 10X
microscope objective Ly, then split into its polarization
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components by the polarizing beam splitter PBS; one
of the polarization components is rotated 90° by the
half-wave retarder A\/2, and both components are fo-
cused into a crystal of barium titanate (BaTiO,) by
lens L- (f = 0.5 m) and lens L« (f = 5 cm) such that self-
pumped phase conjugation takes place. Power levels
incident upon the crystal are of the order of 1 mW,
with half of the power in each of the two components.
The arrangement of optical components PBS, mirrors
M. ~-M,, A/2, L., Ly, and the BaTiO. crystal, forms a
polarization-preserving phase conjugator PPPC.
When the phase-conjugate reflections of the two com-
ponents recombine at the PBS, they form a phase-
conjugate wave that has the same polarization as the
incident wave. The effect on the image quality of
conjugating only one of the polarization components
(nonpolarization-preserving phase conjugation,
NPPPC) can be observed by blocking the other com-
ponent. After retraversing the fiber, the restored im-
age is sampled by the beam splitter BS and photo-
graphed at the image plane. With the NPPPC, only
one half of the returning light reconstructs the image;
the other half is randomly distributed among all the
spatial and polarization modes.! The restored image
is improved by filtering out one half of the light that
does not reconstruct the image (one quarter of the
returning light) using P oriented to pass light having
the polarization of the image. In order to obtain high
phase-conjugate reflectivities (R ~ 40%) from the
BaTiO; crystal, it was necessary to encase the 100-m
fiber in a Styrofoam container. This reduces thermal
fluctuations on time scales shorter than the response
time of the BaTiO; crystal (which tend to reduce the
phase-conjugate signal by washing out the index grat-
ings in the crystal).

Figure 2 shows photographs of two images sent into
the fiber: a standard U.S. Air Force resolution target in
the first column and a gray-scale grid in the second
column. The gray-scale grid consists of neutral-den-
sity filters having a transmission (starting in the lower
left-hand corner and proceeding clockwise) of 1, 10, 50,
and 100%. The first row of photos shows the input
images. The second row shows the single-pass output
from the end of the fiber. The uniformity of the
output interference speckle patterns indicates severe
image scrambling by the fiber. The graininess of the
patterns is indicative of the number of modes support-
ed by the fiber. The last two rows show the double-
pass fiber output as sampled by the BS, filtered by P,
and recorded at the image plane (see Fig. 1). The
third row of photos shows the image restoration with
the PPPC; and the fourth row, with the NPPPC (one
component in the PPPC blocked). Exposure time is
adjusted so that equal energy falls upon the film in
each case (PPPC and NPPPC). Asexpected. the pho-
tos of the resolution target show that there is littie
difference in resolution for the two cases. The mea-
sured resolution is somewhere in the range from 1.59
lines/mm (Group O, Element 5) to 1.78 lines/mm
(Group 0, Element 6) and agrees well with the resolu-
tion calculated trom the number of guided modes in
the fiber and the imaging optics, ~1.62 lines/mm.
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Fig. 3. Photographs demonstrating image restoration after a double pass through a multimode fiber by polarization-
preserving phase conjugation for a low-detail image and for a high-detail image. The input image and the image reconstructed
by phase conjugation after a double pass through the multimode fiber are photographed for both PPPC's and NPPPC's.
Degradation of image contrast is so sevege for the image reconstructed by the NPPPC that the picture of the high-detail image

is barelv discernible.

However, the photos of the gray-scale grid show clear-
ly that the restoration of image contrast is much better
in the PPPC case than in the NPPPC case (in the
NPPPC case, the light areas are darker, and vice
versa).

Figure 3 shows photographs of the double-pass fiber
output for low-detail and high-detail images. The
first column shows the image patterns focused into the
fiber, and the second and third columns show the
double-pass output for the PPPC and the NPPPC
cases, respectively. As in Fig. 2, although the resolu-
tion is comparable in the two cases, the contrast is
greater in the PPPC case. The difference in contrast
is best seen with the high-detail image, where the pic-
ture is barely discernible in the NPPPC case.

We also examined the effect of using unpolarized
light to illuminate the image transmitted through the
fiber. Unpolarized light was obtained by passing the
polarized output of the laser through a 7-m-long, 100-
um-diameter step-index multimode fiber before ex-
panding the beam and passing it through the transpar-
ency TinFig. 1. Inthis case, it was not possible either
to improve the restoration with the NPPPC by using
the polarizer or to eliminate the reflection from the
air-fiber interface at the fiber input by using the \/4
retarder. Results similar to the above but with a

greater reduction in contrast were obtained for the
NPPPC case.

In conclusion, we have presented experimental re-
sults demonstrating that high-contrast image restora-
tion after a double pass through a multimode fiber
requires the use of polarization-preserving phase con-
jugation. When only one polarization leaving the fi-
ber is phase conjugated, only one half of the returning
light reconstructs the image!; the other half is random-
lv distributed among all the spatial and polarization
modes, thereby severely degrading the contrast of the
reconstructed image.
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When polarized light is incident upon a long multimode fiber, the emerging light is randomiy distributed among the
spatial and polarization modes. We present experimental and theoretical results demonstrating that recovery of
the spatial and polarization modes of the incident light takes place only when a phase conjugator at the fiber output

preserves polarization on reflection.

When polarized light is incident upon a long multi-
mode fiber, the emerging light is randomly distributed
among the spatial and polarization modes because of
modal scrambling. We previously reported prelimi-
nary results on the correction of modal scrambling by
phase conjugation.!2 In this Letter we present recent
results of experimental and theoretical investigations
into the correction of modal scrambling for the cases
when both polarization components are conjugated at
the fiber output (polarization-preserving phase conju-
gator,23 PPPC) and when only one polarization com-
ponent is conjugated (nonpolarization-preserving
phase conjugator, NPPPC). We find that recovery of
the original spatial and polarization modes takes place
only when the reflection from the phase conjugator
preserves the polarization of the incident light. How-
ever, if the fiber supports a large number of spatial
modes and one uses spatial filtering to look only at the
light returning in the same spatial mode as the inci-
dent light, then one will see nearly complete polariza-
tion recovery, even when only one polarization compo-
nent is conjugated at the output of the fiber.3-5> This is
because light returning down the fiber that is orthogo-
nal in polarization to the input is randomly distribut-
ed among all spatial modes.

A PPPC produces a time-reversed wave that can
correct for modal scrambling.!? We now consider the
result of conjugating only one polarization component.
The specific case of a linearly polarized incident wave
is analyzed graphically in Fig. 1. In what follows we
analyze the case of an incident wave of arbitrary polar-
ization. Consider a multimode fiber that supports N
modes with wave functions

E, (x, y)exp(-if,2), n=12...,N, (1)
where 3, is the propagation constant and n is the mode
number. An incident electric field E; can be ex-
pressed as a sum over the N modes at the input (z = 0):

E = VAE, (2)

"
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where A;’s are the mode amplitudes. The output (z =
L) field Ej; can be written as

Ej; = (B, Eyy), 3)

where Eji; and Ejj, are the x and y components. If
modal scrambling is complete, then the energy is dis-
tributed equally among the x and y polarizations:

flEuledXdy = flEnJdedy. (4)

Let this field be incident upon a phase conjugator that
has unit reflectivity and a polarizer along the x axis in
front of it. The reflected field Eyy is given by

Ey = (Ey,*, 0). (5)

This field can be written as the sum of two compo-
nents: a component E* that is the phase conjugate
of the light emerging from the fiber at z = L and a
component E;;* . that is orthogonal to the conjugate
in the sense that { E;; - E* . dxdy = 0,

Ej =aE;* + 0Ey* |, (6)

where a and b are constants. Scalar multiplying both
sides of Eq. (6) by Eyj, integrating over x and y, and
using Egs. (4) and (6), we ohtain the resultsa = Y5, b =
Y, and Eyi_ = (Ejp,, —Ey,). With these results, Ej;
becomes

E; = LEy* + LE . (7

This field propagates back through the fiber. If the
fiber is linear and lossless, then the conjugate compo-
nent LE[* generates 'L,E;* by time reversal and the
orthogonal component LE;j* | generates \LE*
where E;* | is orthogonal to E;* in the sense that [ E; -
E;* .dxdy = 0; note that E;* | = (E\*,. —E;*,). Since
we assume complete modal scrambling, the energy in
E;* , is distributed equally among the x and y polar-
izations. The returning field at the fiber input be-
comes

E. = ZE* + LE®* . (8)

Note that when only one polarization component is

c 1987. Optical Society of America
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Fig. 1. [Illustration of what happens when light propagates
in a multimode fiber (MMF) and only one polarization com-
ponent is conjugated at its output. The top section shows a
sketch of the optics, and (a)-(c) show the evolution of the
polarization of the light as it propagates. The field E; =
enters the MMF at z = 0. (a) Because of modal scrambling,
the output field Ey; is equally distributed among the x and »
polarizations and the change in polarization is represented
by rotation of E; to Ej;. (b) The x component of Ej; passes
through the polarizer and reflects from the phase-conjugate
mirror PCM to produce Ejy = Ej *%. This field has a
phase-conjugate component, '5E;;*. and an orthogonal com-
ponent, LE;* . (c) When the conjugate component propa-
gates back to z = 0 it generates 'LE;* by time reversal (de-
picted as rotation of E* to LE[*), and the orthogonal
component generates ‘L E[* _, where E;* _ is orthogonal to
E;*. Because of modal scrambling. E;* _ is distributed
equally among the x and v polarizations. Note that only one
fourth of the energy is recovered in the reconstruction of the
input field. The other one fourth is randomly distributed
among the spatial and polarization modes. One half of the
energy is lost at the polarizer.

conjugated at the output of the fiber only one quarter
of the energy (|',E;*/?) is recovered in the reconstruc-
tion of the input field. The other one quarter of the
energy (I'%.E;* . |2) is randomly distributed among the
spatial and polarization modes. Therefore (1/4 + 1/2
X 1/4) = 3/8 of the original energy returns with the
polarization of the input and (1/2 X 1/4) = 1/8 returns
orthogonal toit. One half of the original energy is lost
at the polarizer.

Our experimental setup is shown in Fig. 2. Light
from a single-mode argon-ion laser is focused into a
step-index multimode fiber (core diameter d = 100
um, numerical aperture 0.3, attenuation 30 dB/km,
length 20 m) by lens L1 (focal length f = 5 ¢cm, diame-
ter D = 4 cm). The aperture AP can be used to

perform spatial filtering of the returning phase-conju-
gate signal by closing it to the size of the input beam.
The quarter-wave retarder A/4 can be used in conjunc-
tion with the polarizer to eliminate the reflection from
the air-fiber interface at the fiber input. Light
emerging from the fiber is collimated by a 10X micro-
scope objective L2, focused by lens L3 (f = 0.5 m), and
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Fig.2. Experimental setup. Light emerging from the mul-
timode fiber MMF is reflected from the PPPC formed by the
optical elements PBS, M1-M4, A\/2, and the BaTiO; crystal.
The effect of conjugating only one polarization component
can be observed by blocking one of the outputs from the
polarizing beam splitter PBS. After propagating back
through the fiber. the light is sampled by beam splitter BS,
analvzed by the polarizer P, and measured by detector D or
photographed.
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Fig. 3. Photographs of the returning light as seen at the
position of detector D in Fig. 2. corresponds to the polar-
ization of the light incident upon the fiber. The first set of
photos was taken with the phase-conjugate mirror blocked,
the second set of photos with the PPPC at the fiber end, and
the third set of photos with the NPPPC (one of the outputs
from the polarizing heam splitter in Fig. 2 is blocked). For
the PPPC all the light returns as the phase conjugate (bright
spot in the photo of  polarization). However. for the
NPPPC only one half of the returning light is the phase
conjugate: the other half i« randomly distributed among the
spatial and polarization modes.
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Table 1. Measured and Predicted Power Ratios for Phase-Conjugation with
Multimode Fibers®

P_/pt
Aperture PPPC NPPPC Pxpppc/Ppppe
Open (4.4 +£ 1.3) X 1073 [0} 0.32 £ 0.02 [1/3] 0.42 + 0.09 [1/2}
Reduced* (1.0 % 0.4) X 10 [0} (1.4 £ 0.3) X 10? [«1] 0.22 + 0.03 [1/4]

e See Fig. 2; predicted values are in square brackets.
b P_/P is the ratio of the power in the polarization orthogonal to the input to that parallel to the
input as measured by the detector (see Fig. 2): PPPC corresponds to the situation shown in Fig. 2:

NPPPC corresponds to blocking one of the outputs from the polarizing beam splitter in Fig. 2.
¢ Aperture size reduced to the innut beam size (~4 mm).

reflected from the PPPC? formed by the polarizing
beam splitter (PBS), mirrors M1-M4, half-wave re-
tarder A/2, and the barium titanate crystal BaTiOs;.
The effect of conjugating only one polarization compo-
nent can be observed by blocking one of the outputs
from the PBS. After propagating back through the
fiber, the light is sampled by a beam splitter, analyzed
by a polarizer, and measured by a detector or photo-
graphed.

Figure 3 shows photographs of equal exposure of the
returning light as seen at the position of the detector
with the aperture open. | corresponds to the polariza-
tion of the light incident upon the fiber. For the first
column, a A/4 retarder is used to avoid the reflection
from the air-fiber interface at the fiber input. The
first row of photos was taken with the phase conjuga-
tor blocked. The grainy circular patterns observed in
both polarizations are from the light reflected at the
air-fiber interface at the fiber output. The fact that
the circular patterns are uniform and equal in intensi-
ty indicates complete modal scrambling. The second
row of photos was taken with the PPPC at the fiber
end. A strong phase-conjugate return can be seen in
the center of the photo of the |; polarization, and there
is little change in the intensity of the grainy circular
patterns (in fact, we observed that the backscattering
from the output end of the fiber with polarization
orthogonal to the input reduces by 5-10% owing to
phase conjugation®), indicating that all the light re-
turns as the phase conjugate. The third row of photos
was taken with a NPPPC (one component in the
PPPC blocked) at the fiber end. The conjugate re-
turn is weaker than that for the PPPC, and the inten-
sity of the grainy circular pattern has increased over
that produced by the fiber end reflection, indicating
that some of the returning light is not the phase conju-
gate of the input.

Table 1 lists measured and predicted power ratios.
As before, || corresponds to the polarization of the light
incident upon the fiber. For the PPPC, the measured
ratio P, /P is small, indicating nearly complete cor-
rection of polarization scrambling. The ratio de-
creases when the aperture is closed down to the size of
the input beam to provide spatial filtering of the re-
turning phase-conjugate signal. For the NPPPC,
with the aperture open, the measured ratio is 0.32 £
0.02, in agreement with our theory [(1/8)/(3/8) = 1/3].
This indicates that when only one polarization is con-
jugated at the output of the fiber, one third of the
returning light is orthogonal in polarization to the

input. When the aperture is closed, the measured
ratio decreases to (1.4 % 0.3) X 10-2. This indicates
that the returning light with polarization orthogonal
to the input is spatially orthogonal to the input. With
the aperture open, when we block the central phase-
conjugate return with a mask in front of the detector to
look only at the grainy circular pattern, the measured
power ratio is 1.0 £ 0.1, indicating equal power distri-
bution in the two polarizations. We aldo compared
the total power in the returning light for a PPPC with
that for a NPPPC. With the aperture open, the mea-
sured ratio Pxpppc/Ppppc is 0.42 £ 0.09, reflecting the
fact that one half of the light from the fiber output is
blocked in the NPPPC. With the aperture closed, the
measured ratio is 0.22 £ 0.03, indicating that with the
NPPPC only one fourth of the light incident upon the
fiber returns as the phase conjugate.

In conclusion, we have presented theoretical and
experimental results demonstrating that correction of
modal scrambling by multimode fibers requires a
PPPC. The technique described in Ref. 4 (using a
modal filter followed by a multimode fiber, a polarizer,
and a non-polarization-preserving phase conjugator)
can be used to correct for polarization scrambling
when the wave to be conjugated contains much less
spatial information than the maximum that can be
supported by the fiber and when a reduction of the
phase-conjugate signal by a factor of 4 and an increase
in noise is tolerable.

The authors thank M. Ewbank and A. Chiou for
many helpful discussions. This research is supported
by the U.S. Office of Naval Research under contract
N00014-85-C-0219.
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We present measurements of the two-wave mixing gain as a function of frequency detuning in photorefractive
crvstals. In many cases. this function is asymmetric. indicating that the phase shift of the photorefractive uidex
grating with respect to the light interterence pattern is not exactly 90°. as is often assumed. In four-wave mixing.
the phase of the phase-conjugate wave contains the phase of the pumping and probe waves and a phase shift
determined by the interaction taking place in the nonlinear medium. This second term. the phase shitt of the phase
conjugator, is a function of the tvpe of grating and the phase shift of this grating. The phase shift of the grating vb-
tained from the two-wave mixing measurements compares well with that obtained from tfour-wave mixing measure-

ments of the phase of the phase conjugator.

In two-wave mixing (TWM) in photorefractive me-
dia,'-? carriers are generated in the bright regions of
the interference pattern formed by the two waves, and
they are eventually trapped in the darker regions.
The redistribution of charge results in a spatial modu-
lation of the electric field, and the refractive index
(electro-optic effect) with the frequency of the inter-
ference pattern, but shifted in phase by 90°. This
nonlocal response leads to energy exchange between
the two waves. The exchange is optimized when the
phase shift of the refractive-index grating is exactly
90°. However, fields in the media,* such as the bulk
photovoltaic field,” can determine a preferential direc-
tion for the migration of charges, and this can result in
a phase shift for the grating that is different from 90°.
To optimize the TWM gain, this field-induced phase
shift can be compensated for by frequency shifting one
of the two waves to create a grating moving at a rate
comparable with the response time of the medium."
In the first part of this Letter, we present measure-
ments of the TWM gain as a function of frequency
detuning between the two waves for the photorefrac-
tive crystals barium titanate (BaTiO;) and strontium
barium niobate (SBN). This function is asymmetric
for BaTiO;, indicating that the phase shift of the grat-
ing is not exactly 90°. The degree of asymmetry and
therefore the phase shift of the grating depend on the
angle between the grating vector and the crystal axis,
the pump intensity, and the particular crystal.

In four-wave mixing (FWM), the phase of the
phase-conjugate wave contains the phase of the pump-
ing and probe waves and a phase shift due to the
interaction taking place in the nonlinear medium.
We refer to this second term as the phase shift of the
phase conjugator.”* It is a function of the type of
grating (refractive index, absorption, or gain) and the
phase shift of the grating. In the second part of this
Letter, we derive an expression describing this depen-
dence, present measurements of the phase shift of the
phase conjugator, and compare these measurements
with the phase shift of the grating obtained from the
TWNM measurements.

011 G090 A7 OFongR .03 000

The TWM gain I is related to the frequency detun-
ing between the two waves by the proportionalityt

[ « sin(o, + tan™' 8)/\ 1 + 6%, (1)

where ¢, is the phase shift of the grating and the
detuning ¢ is the product of the frequency difference
between the two waves and the response time of the
medium. If ¢, = 90° then I is an asvmmetric func-
tion of the detuning.

Figure 1 shows measurements of T'(8)/T(0) for a
crystal of SBN (Sr,,sBa. ;NbO ) and two crystals of
BaTiO:. The measurement technique described in
Ref. 9is used to obtain I'. The figure shows data for a
representative sample of SBN, but measurements
were taken for four different samples including a ceri-
um-doped sample. In all cases I' was symmetric, indi-
cating that the phase shift of the grating is almost

—
~ - SBN
s - BaTiOg #1]
- BaTiO3 #2
)
3
2
<
L]
o
0 I 1 1 L S
-3 -2 -1 0 1 2 3
DETUNING ¢
Fig. 1. Measurements of the TWM gain I'ia) T as a

tunction ot frequency detuning o for SBN and BaTiO . For
BaTiO . I is asvmmetric. indicating that the phase shift of
the grating is not 90°,
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Fig. 2. Mleasured diftference between the phase shift of the
grating o_and 90° t 3o = — 90°1 as a function of the TWM
pump power tor BaTiO . # 1. The lines are to aid the viewer:
thev are not theovreti.al fits.

exactly 90° in SBN. The fit of Eq. (4) to the data.
indicated by the solid line, gives ¢. = 91°. For
BaTiO,;, T is clearly asymmetric. The fits give ¢, =
100° and ¢, = 109° for crystals #1 and # 2, respec-
tively. and ¢, = 106° for a third crystal (not shown in
the figure) Other investigators, using the same meth-
od. did not notice the asymmetry in their data.!" For
this figure, the angle between the beams was 8°, the
crystals were oriented with their ¢ axes parallel to the
grating vector such that the:e was TWM gain for the
probe, the bisector to the beams was normal to the
entrance face. and the pump and probe waves had
extraordinary polarization and powers of 1 (514.5 nm)
and 0.01 mW, respectively, in spot diameters of 0.4
mm.

Figure 2 shows the measured difference between o,
and 90° (A¢ = ¢, — 90°) as a function of the purap
power for BaTiO: #1. All other parameters are iden-
tical to those for Fig. 1. The results shown are expect-
ed from the theory of the bulk photovoltaic effect.
Using a different technique. other investigators ob-
tained Ao = (0 £ 10)° for a single sample of BaTiO.
with a total incident intensity of 0.5 W/em=.!! From
Fig. 2 we find that for BaTiO; #1 with the same
incident iniensity, A¢ = (9 £ 0.5)° is within the experi-
mental error of the value reported in Ref. 11. For
SBN, I was very symmetric even at pump powers of 10
mW.

Figure 3 shows A¢ as a function of the angle 6 be-
tween the crystal axis and the perpendicular to the
bisector of the two waves. The features shown are
indicative of a field oriented along the crystal axis.
For such a field, the component along the grating vec-
tor determines the phase shift A¢.”* For § = 0°, the
grating vector is parallel to the crystal axis, and this
results in the largest A¢.

We can calculate the field in the crystal E, from the
measured phase shift of the grating at § = 0° by using
the equation*! -

¢. = tan"'{(E,/E,) + (E,’/E,E,) + (E/E,)], (2)

where E;, =~ 1.6/A kV/cm and E; = 2.8 Ny A/e are the
diffusion and maximum space-charge fields, A is the
grating spacing in micrometers, N is the trap density
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of majority carriers in units of 10'*/cm®, and ¢ is the
dielectric constant. For a trap density of 10'%/cm* we
obtain E,, = 200 V/cm.

Now we consider the phase shifts of phase conjuga-
tors. To obtain an expression for the functional de-
pendence of the phase of phase-conjugate waves, we
consider the simplest case of FWM, in which the trans-
mission grating dominates, the coupiing is weak, and
the probe wave is much weaker than the pump waves.
Let the notation for the four fields (n = 1, 2, 3, 4) be

E,=A, explitk, - r—ut+o,e,l (3)

where A, and A. are the amplitudes of the counterprop-
agating pump waves, A, is the amplitude of the probe
wave propagating in the +z direction, and A; is the
amplitude of the phase-conjugate wave. The intensi-
ty of the interference pattern formed by the writing
pump (E,) and the probe wave is given by

I=A +A +A4,Ale -e,)
X (expli[tk, — k) -r+ (o, ~ o)l + cc). (4)

The intensity pattern results in a spatial modulation
of the propagation constant k given by

k =k, + Ak (expli[(k, - k) -r
+ (o, —0o) +ol]t+cc) (5)

The diffraction of E. off this grating forms the phase-
conjugate wave E;. The phase of the phase-conjugate
wave ¢ is obtained from the solution to the scalar-
wave equation

(D;=<Dl+($_~—0)4+®... (6)
where ¢.. is phase shift of the phase conjugator:
o, =T/24 by, + O, (7

and ¢, is the phase of the complex quantity Ak. @
depends on the tvpe of grating (refractive index, ab-
sorption, gain, or mixture) and the phase shift of the

10°f T

A¢ O

Q
0° 180° 360°
@

-10°

Fig. 3. Measured difference between the phase shift of the
arating o, and 90° (A = ¢ — 90°) as a function of the angle #
hetween the perpendicular «.; the bisector to the two waves
and the crvstal axis for BaTiG, #1. The dependence of A¢
on o indicates the existence of a field oriented along the
cryvstal axis. The line is to aid the viewer: it is not a theoreti-
cal e,
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grating. For a transparent medium (refractive-index
grating, Ak real, ¢, = 0° or 180°) with a local response
(¢.=0°),0.=90°for ¢, =0%°0r ¢, =—90°for ¢, =
180°. For saturable absorbers (Ak negative imagi-
nary, ¢ = —90°) ¢ = 0°, and for saturable amplifiers
(Ak positive imaginary, ¢y = +90°), ¢, = 180°. Ifone
makes the assumption that ¢, = 90°, then for photore-
fractive media (refractive-index grating. Ak real. ¢y, =
0° or 180°), ¢ = 0° for ¢y, = 180° or ¢, = 180° for ¢,
= (°.

¢u can be measured with the interferometer shown
in Fig. 4. The light transmitted by the beam splitter,
BS, and the light reflected from the self-pumped crys-
tal of BaTiO, provide the pump waves for FWM in the
crystal XTL. The light reflected by the beam splitter
provides the probe wave. The conjugate wave and the
reflection from the self-pumper interfere at the detec-
tor D. Using Stokes’s relation, tr* = —t*r’, where ¢, r,
and r’ are the amplitude transmission and internal and
external reflection coefficients of the beam splitter.
respectively, one can show" that the intensity mea-
sured at detector D is given by

I+1 -2 11 cos . (8)

where I, and I_ are the intensities of the interfering
waves at the detector. Toobtain an accurate determi-
nation of &.. we apply a phase modulation to mirror
M2 with amplitude ¢. and frequency v by using a
piezoelectric transducer. The phase modulation is
fast, so that it is not compensated for by phase conju-
gation. and small. so that it does not wash out the
grating. o. can then be obtained from the relation”

@, = tan'ltRo.‘:/-ﬂ. {9)

where K is the ratio of the power measured bv detector
D at the frequency v to that at 2r.

Two improvements were made to our interferome-
ter since our first report.” At first. we did not use the
self-pumper but used a mirror instead. In initial ex-
periments our results were sensitive to the alignment
of this mirror. We also apply a fast phase modulation
to mirror M1 to avoid the grating that would otherwise
be written by this pump and the probe.

Table 1 lists measurements of ¢. taken for various

8aTiOy

c
[
“t~ e
ey
T xTH

BS

# - o

-

M2

Fig 4. Interferometer used to measure the phase <hitt ot
the phase comurator. The heht tran~niitted by the heam
sphtter. 350 and the hght reflected trom the selt-pumped
crvstal of Ba' T provide the ramp waves tor FW A the
crvstal XTI The hirht retls cted by the beam sphitter pro
videsthe probe wave The comugate wave and the retlection
from the self pumper interiere at the detector [)owith g
redatne phase shitt oo the phese shitt of the phase conuga

tor

Table 1. Phase of Phase Conjugators

2] n Ao
Material tdeg (deg) tdeg)
BaTiO 1 mWh 0 (10 £ 3 10
23 (a1 6

45 41 4

180 (169 £ 4) -9

BaTiO (10 mW) 0 (19 £ 5 16
SBN ¢ (1 !

pump powers and angles A defined in Fig. 4. ¢, is close
to 0° or 180° as predicted. The reason that the mea-
sured values for BaTiO; are not exactly 0° or 180° is
that the refractive-index grating is not shifted by ex-
actly 90°. Values of A¢ obtained from the TWM
measurements are given in the right-hand column. As
Eq. (7) indicates, they should be equal to or differ by
180° from the values of @.,. A comparison of the right-
hand columns indicates that the results of the TWM
and FWM measurements are in good agreement.

In conclusion, our measurements show that the
TWM gain in barium titanate is an asymmetric func-
tion of frequency detuning. indicating that the phase
shift of the grating is not exactly 90° as is often as-
sumed. We have shcwn that. for FWM. the phase of
the phase-conjugate wave contains the phases of the
pumping and probe waves and is a function of the tvpe
of grating and the phase shift of the grating with re-
spect to the light interference pattern. This phase
determines the operating point of some phase-conju-
gate interferometers. If this phase can be controlled.
such interferometers can be biased at the operating
point of highest sensitivity and linear response. Ca'
culations of the phase shift of the refractive-ind« .
grating from measurements of the phase of the ph: e
conjugator agree with the phase shift of the grating
obtained from the TWM gain measurements.

This research is supported by the U.S. Office of
Naval Research under contract no. N00014-85-C-0219.
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Self-pumped phase-conjugate fiber-optic gyro
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We describe a new type of phase-conjugate fiber-aptic gyvro that uses self-pumped phase conjugation. The self-
pumped configuration is simpler than externally pumped configurations and permits the use of sensing fibers longer
than the coherence length of the laser. A proof-of-principle demonstration of rotation sensing with the device is

presented.

Several types of phase-conjugate gvro are described in
the literature,!-* and we recently reported on the first
demonstration to our knowledge of rotation sensing
with a phase conjugate gyro.®> The passive phase-
conjugate fiber-optic gyros described in Refs. 3 and 5
are Michelson interferometers in which the arms con-
tain fiber-optic coils that are terminated by externally
pumped phase-conjugate mirrors. Since the phase-
conjugate mirrors produce time-reversed waves, all
reciprocal phase changes in the optical paths are com-
pensated for and do not effect the output of the inter-
ferometer. However, since the phase shift produced
by the Sagnac effect is nonreciprocal, the output of the
interferometer is sensitive to rotation and can be used
as a gvro.

Standard fiber-optic gyros® are Sagnac interferome-
ters that are inherently insensitive to reciprocal phase
changes and sensitive to nonreciprocal phase changes.
This is true only when their operation is restricted to a
single polarization mode," and the best fiber-optic gy-
ros use polarization-preserving fibers and couplers.?
However, if the phase-conjugate mirrors in the phase-
conjugate fiber-optic gyro preserve polarization,? then
nonpolarization-preserving single-mode fibers, and
even multimode fibers, can be used in the gyro.

In the externally pumped configurations described
in Ref. 3 and 5, the fiber-optic coils can be no longer
than the coherence length of the laser. This limits the
sensitivity of the device. Itistrue that longer coils can
be used if a polarization-preserving fiber of equal
length is used to carry the pumping waves to the
phase-conjugate mirrors. However, this defeats the
above-mentioned advantage in that the phase-conju-
gate gyro can use inexpensive multimode fibers and
couplers. In this Letter we describe and demonstrate
a self-pumped configuration of the phase-conjugate
fiber-optic gvro that is not only simpler than the exter-
nally pumped configurations but also allows for the
use of fiber-optic coils that are longer than the coher-
ence length of the laser.

Figure 1 shows a schematic of a self-pumped phase-
conjugate fiber-optic gvro. Light from a laser is split
by beam splitter BS into two fibers, F1 and F2. Fibers
F1 and F2 are coiled such that light travels clockwise
in F1 and counterclockwise in F2. Light waves tra-

0146-9592 %6 100686-1352.00 0

versing fibers F1 and F2 experience reciprocal phase
shifts

0= [kl o, = [kl 8y

respectively, where d{, and d/. are elements of length
along F1 and F2, and k&, » = 2rn, »/A. In addition, the
nonreciprocal phase shifts

bn,, = +20R\L\Q/Ae, ¢, = —2rR,L.Q/\c (2)

are due to the Sagnac effect, where R, »and L, » are the
radii and lengths of the fiber loops. respectively, and 0
is the rotation rate. The net phase shifts are then ¢.,
+ ¢nr, and ¢,, + ¢n-.. On reflection of the light from
the phase-conjugate mirror, the phase shifts become
—®;, — ¢nr, and —o.. — ¢n,,, where we have dropped the
phase shift of the phase conjugator!"!! since it is com-
mon to both waves and we are interested only in the
phase difference. It should be noted that the phase
shift of the phase conjugator is common to both waves

AH—o

8s
LASER lﬁ

Fig. 1. Schematic of a self-pumped phase-conjugate fiber-
optic gvro. Light from a laser is split by beam splitter BS
into two fibers F1 and F2 that are coiled such that light
travels clockwise in F1 and counterclockwise in F2. Light
traversing the fibers experiences phase shitts due to thermal.
mechanical. and rotational ettfects. The self-pumped
phase-conjugate mirror PCM produces time-reversed waves
that compensate tor the reciprocal phase changes produced
by thermal and mechanical etfects hut do not compensate
tor the nonreciprocal phase shitt produced by rotation (Sag-
nac etfect). Therefure rotation can he sensed by measuring

the interterence between the recombining waves at detector
D
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only when both waves are reflected from the same
phase-conjugate mirror or when the phase-conjugate
mirrors are coupled.!> In the case of self-pumped
phase conjugation in barium titanate, the two incident
waves interact by coherently pumping the cscillation
of a resonator formed by internal reflections in the
crystal.!3 The counterpropagating waves in the reso-
nator provide the pumping waves for degenerate four-
wave mixing (DFWM) with the incident waves. Be-
cause of the resonance condition, the DFWM pumping
waves may be frequency shifted!*!5 with respect to the
incident waves, resulting in a frequency shift or time-
varying phase shift for the phase-conjugate reflec-
tions. But again, since the two incident waves see the
same pumping waves, this phase shift is common to
both and does not affect the operation of this device
since it is sensitive only to the phase difference. The
phase shifts for the return trip in the fiber are given by
¢r, =~ ¢n;, and ¢, — énr; Dote that the sign of the
reciprocal contribution is the same as before, whereas
the nonreciprocal contribution has opposite sign. In
the round trip, the reciprocal contributions cancel,
and net phase shifts are given by —2¢,,, and —2¢x,,.
The phase difference measured by the interference at
detector D,

¢ = =2o,,, — ¢, ) = 4n(R\L) + R,L))Q/Ac, 3)

is proportional to the rotation rate Q and can be used
to sense rotation.

This configuration has several advantages over our
previously reported configuration.” Here, we can use
self-pumped phase conjugation, with the obvious ad-
vantage of not having to provide external pump waves
that are coherent and form a phase-conjugate pair. In
the externally pumped configuration, the pump
beam(s) involved in writing the index grating must be
coherent with the probe wave to within the response
time of the phase conjugator, and the two counterprop-
agating pump beams must be phase conjugates of
each other to produce high-fidelity phase-conjugate
reflection. In initial experiments in which an entire
externally pumped phase-conjugate gyro was mount-
ed on a rotating table, because of the slow time re-
sponse of phase conjugation in the barium titanate
crystal used, vibrations of the mounts providing the
external pumping washed out the gratings involved in
the phase conjugation and precluded the measure-
ment of rotation. As an additional advantage of the
self-pumped configuration, the sensing fibers F1 and
F2 can be made longer (thereby increasing the sensi-
tivity) than the coherence length of the laser, provided
that they are equal in length to within the coherence
length.

Figure 2 shows the experimental setup of the self-
pumped phase-conjugate fiber-optic gyro. Instead of
using two separate fibers as shown in Fig. 1, we use the
two polarization modes of a single polarization-pre-
serving fiber coil. All experiments are done with the
argon laser running multilongitudinal mode at 5135
nm. The highly reflective beam splitter BS1 isolates
the laser from retroreflections. The polarization-pre-
serving fiber F1 couples light from the laser to the
remaining part of the apparatus that is mounted on a
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Fig. 2. Experimental setup of the self-pumped phase-con-
jugate fiber-optic gvro. Instead of the two fibers shown in
Fig. 1. the experimental setup shown here uses the two polar-
ization modes of the polarization-preserving fiber-optic coil.
Light from the laser is incident upon polarizing beam split-
ter PBS1 with its polarization at 45° to the plane of the page.
The components reflected and transmitted bv PBS1 travel
clockwise and counterclockwise. respectivelv. in the fiber
coil. The two beams recombine at PBS1 and are then split
at PBS2. One of the beams has its polarization rotated by
PR. and both beams are incident upon a barium titanate
crvstal such that self-pumped phase conjugation occurs.
The reflected waves retraverse the fiber in an opposite sense.
recombine at PBS1. and travel back toward the laser with a
phase difference ¢. which is proportional to the rotation
rate. These waves are sampled by the beam splitter BS2,
and an additional phase delay of 72 rad is impressed on
them when thev propagate through rhe quarter-wave retard-
er \/4. The half-wave retarder is oriented such that the
intensities of the interferences measured by detectors D1
and D2 are proportional to sin ¢ and —sin o. respectively.

rotating table. The output end of F1 is oriented such
that the polarization of light emerging from the fiber is
at 45° to the plane of the figure. The component
polarized in the plane of the page is transmitted by the
polarizing beam splitter PBS1 and travels counter-
clockwise in the fiber coil, whereas the component
polarized perpendicular to the page travels clockwise
in the fiber coil. The fiber coil is made of approxi-
mately 9 m of pola:icaiion-preserving fiber coiled in a
square of 0.57-m sides and is oriented such that the
polarizations of the clockwise and counterclockwise
waves are preserved. When the two waves leave the
coil they are separated by a Rochon polarizer PBS2.
The polarization of the light that travels straight
through PBS2 is rotated by the polarization rotator
PR such that its polarization becomes identical to that
of the light deflected by PBS2. Both beams are inci-
dent as extraordinary waves on a barium titanate crys-
tal such that self-pumped phase conjugation occurs.!®
The reflected waves retraverse the fiber in an opposite
sense, recombine at PBS1, and travel back toward the
laser with a phase difference ¢ = 8#RLQ/A¢c. These
waves are sampled by the uncoated pellicle beam split-
ter BS2, and an additional phase delay of /2 rad is
impressed on them when they propagate through the
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Fig. 3. Measurement of the Sagnac phase shift in the self-
pumped phase-conjugate fiber-optic gyro. This figure
shows a chart recording of the output of a differential ampli-
fier connected to detectors D1 and D2 in the experimental
setup of a self-pumped phase--onjugate fiber-optic gvro
shown in Fig. 2. Fort <0, the gvro was stationary. Att =0,
the gvro was rotated first clockwise, then counterclockwise
in a square-wave fashion for four cycles with an amplitude of
approximately 6°/sec. The experimentally measured phase
shift is in good agreement with the predicted phase shift of
0.04 rad.

quarter-wave retarder A\/4. The half-wave retarder is
oriented such that the intensities of the interferences
measured by detectors D1 and D2 are proportional to
sin ¢ and —sin ¢, respectively. The signals from these
detectors go to a differential amplifier and a chart
recorder. ]

Figure 3 shows the signal from the chart recorder.
For t <0, the gyro was stationary. Att = 0, the gyro
was rotated first clockwise, then counterclockwise in a
square-wave fashion for four cycles with an amplitude
of approximately 6°/sec. The experimentally mea-
sured phase shift is in good agreement with the pre-
dicted phase shift of 0.04 rad. The fast rotation rate is
necessary for the signal to overcome the noise that is
evident in the phase shift recorded during the time ¢t <
0. Although we are not certain of the major noise
source, we believe that it is rapid reciprocal phase
shifts that are not corrected owing to the finite re-
sponse time of the phase conjugator.

Although this experiment does not demonstrate the
correction of polarization scrambling in multimode
fibers, it does demonstrate the measurement of the
Sagnac phase shift, Eq. (3). To demonstrate a self-
pumped phase-conjugate fiber-optic gyro using muiti-
mode fibers, one must use two multimode fibers termi-
nated by the same self-pumped polarization-preserv-
ing phase-conjugate mirror. Simply replacing the
polarization-preserving fiber in Fig. 2 with a multi-
mode fiber does not work, since the polarization of
light after traveling down the fiber is scrambled, and
when the light reaches PBS1 part of it will go to the
detectors without being reflected from the phase-con-
jugate mirror. In addition to the added complication

of using two fibers and the associated complexity of
terminating them on the same self-pumped polariza-
tion-preserving phase-conjugate mirror (four beams
going into one crystal), it is necessary to ensure that
the light waves from the two fibers are coherent to
within the response time of the phase conjugator (the
change in phase shifts for the two waves due to envi-
ronmental effects on the fibers must be slower than
the response time of the phase conjugator). The sec-
ond of the above-mentioned effects can be reduced by
wrapping the two fibers together so that they see near-
ly the same environment.

In conclusion, we have described a new type of
phase-conjugate fiber-optic gyro in which self-
pumped phase conjugation can be employed to permit
the use of sensing fibers that are longer than the coher-
ence length of the laser source. In other, externally
pumped, configurations, it is possible to use fibers
longer than the coherence length of the laser by using a
fiber to carry the pumping waves. This, however,
complicates the setup and defeats some of the advan-
tages of using phase conjugation. We have construct-
ed a self-pumped phase-conjugate fiber-optic gyro and
demonstrated rotation sensing.

This research is supported by U.S. Office of Naval
Research contract N00014-85-C-0219.
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A laser beam incident on BaTiOj3 can cause a cone of licht to exit the cryvstal If the incident beam is pclerizcd asan

extraordinary ray. the cone of light is formed by ordinary ravs. The cone angle is fixed by a phase-matching cor-

on o

the incident and cone beams. Measurement of this cone angle as a function of the incident angle is a simple and wnaing
method for determining the birefringence of a BaTiOj crystal over the entire range of wavelengths where .. sum™ic 18

photorefractive.

A single beam of coherent light incident on a
BaTiO, crystal can cause a cone of hight to emerge
from the far face of the crvstal. This cone has a polari-
zation orthogonal to that of the incident ray and ap-
pears when the incident beam is an extraordinary ray
in the crvstal. There have been previous accounts of
rings. fans. and other forms of photoinduced light
scattering in photorefractive crystals. which have
been attributed to a variety of physical mechanisms
[1-9]. Recently. similar ight cones in BaTi04 have
been reported and shown to be due to stimulated
two-wave mixing via the photorefractive effect [10).
Here, we account for the phase-matching condition
in BaTiOj5 for anisotropic Brage scattering [11] by
using a simple geometrical construction to predict
the angular position of the light in the exit plane. We
also show that precise measurements of the cone angle
can be used to determine the dispersion of the bire-
fringence. An = n, — n,.of a BaTiO5 sample.

Fig. 1 shows the experimental setup. with a laser
beam incident on one of the a-faces of a BaTiO; crys-
tal. The incident beam makes an angle 8 in air with
the face normal and is polarized to be an extraordinary
ray. with its electric-field vector in the plane of inci-

00304018 '86 'S03.50 € Elsevier Science Publishers B.\".

(North-Holland Physics Publishung Division)
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dence defined by the beam direction and the c-axis of
the crystal. A broad fan [12] of extraordinary light

is observed on the +c-axis side of the transmitted
beam, as shown in fig. 2a. Simultaneously. a single

ring of light with ordinary polarization appears on the
negative c-axis side of the transmitted beam (see the
multiple exposure photograph in7ﬁg. 2b). For an inci-
dent beam intensity of ~1 W/cm” the fan and the

ring appear within a few seconds. As shown in fig. 2b,
the shape of the ring varies with the angle of incidence.
The ring is visible for both positive and negative angles
of incidence 6 (with positive 6 defined in fig. 1). al-
though for negative angles the ring intensity is diminish-
ed because self-pumped phase conjugation [13] de-
pletes the incident beam intensity.

The rings observed in fig. 2b for BaTiO4 result
from anisotropic Bragg scattering [11] of the incident
beam off photorefractive gratings formed during
beam fanning [10]. The incident beam. with wave-
vector K, scatters from defects or impurities into a
broad fan having a range of wavevectors K. These
scattered beams interfere with the incident beam and
create photorefractive index gratings with wavevectors
K given by

§
EXTRAORDINARY ! ORDINARY
POLARIZATION | POLARIZATION
TRANSMITTED

BEAM
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K=Kf—Kj. (hH

The incident beam then Bragg-scatters off these gr.:-
ings and either reinforces or depletes the fanning
beams by two-wave mixing [14] depending on the
sign of the projection of K onto the positive c-axic
direction. The collection of all amplified scattered
beams is a broad fan of light directed towards the
positive c-axis side of the crystal.

The photorefractive grating wavevectors K forme!
during beam fanning can also deflect the incident
beam into a cone of light. As illustrated in fig. 3a.
some of these photorefractive gratings will have wave.
vectors of exactly the right length and direcuon —K
to deflect the extraordinary incident wavevector A
into an ordinary ring beam K|

K, =K, -K. (2h
Eliminating K from eqs. (1) and (2) gives the phasc-
matching condition

K, =2K, - K;. (2)

Eq. (3) selects a cone of wavevectors K| as can be
seen in the following simple geometric interpretation.

VERTICAL DISPLACFMENT (ARB )

-1 " " "

wlo

) 1
HORIZONTAL DISPLACEMENT (ARB

Fig. 2. Patterns of scattered light observed on a viewing screen oriented normal to the transmitted beam (a) Photograph 1 SO «
exposure) of beam fanning with extraordinary pelarization for A = 4880 A amd inaident angle & = 30° . (b) Multiple exp.cuse
photograph (1-20 s exposure) ot the anisotropically Bragg-scattered tings of light with ordinary polarization for A = 4881 A and
inciden: angles @ = (" . 20" . 30° . 28° and 38°. (c) Calculation o! ning patterns tor inaident angles = 0. 207 30° 38 4nd 3%y
the phase-matchine condiion for anisotropic Brage scattering (eq (34
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Figc. 3. Phase matching for anisotropic Brage scattenn, ir o
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wavevectors K. One particular grating. with wavevecre: - A
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ning beam with wavevector K. Because the polanzauoern <
the incident and fanned beams is extraordinary and the 1.
beam is ordinary. only the one wavevector -K 1n the plar.
of incidence will permit the ring beam to be phase-matched
(b) A graphical solution in the plane of incidence to th.
phase-matching condition. K = 2K, - K. The ring winev.. -
tor Ky s derermined by the intersection ot a circle trep o
ing all possible ordinary riny beams) and an ellipse (rep:. -
senting the eaxtraordinary fanned beam<) whose center a:.
separated by 2K. (¢) Extending the geometnic construct :
of fig. 3b to three dimensions. the intersection of the 1w,

s ormal surfaces defines a cane of wavevectors (note the 1o
K; 1s shown coming out of the x-2 plancy, which proda
the diftraction ning obeerved 1 hie 20
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The locus of all possible K| (ordinary ring beams) is a
sphere of radius 271, ‘X. The locus of all possible K

(extraordinary fanned beams) is an ellipsoid of revolu-

tion with semi-minor and semi-major axes of lengths
2mn /X and 27n, /A, respectively. Displace the center
of the ellipsoid from the center of the sphere by an
amount 2K ;. Then the intersection of the ellipsoid
and the sphere selects a cone of phase-matched wave-
vectors K. Fig. 3b shows this geometric construction
in the x -z plane. while fig. 3¢ extends it to three di-
mensions. As can be seen in fig. 3c. the intersection
of the two normal surfaces is a ring centered around
the direction of the incident beam. For matenials with
small birefringence. this ring is approximately a circle
inside the crystal.

The intensity and the polarization of the cone ¢
light is determined by the electro-optic tensor of the
crystal. BaTiO4 has point group symmetry 4mm. and
its largest electro-optic coefficient is rys =rg; = 1640
pm’/V [15]. A photorefractive space-charge electric
field £, =(E,.E,.E.) formed during beam fanning
will, through the r4, coefficient. cause a change in
the susceptibility tensor Ay given by [16)

( 0 0 ar42£x \
Ax=1 0 0 arg-E, ] . (4)
Kar43£‘x 074:[’_") 0/’

where a = —¢, €, /47 with €, and ¢, being the static di-
electric constants along the g- and c-axes. respectively.
The Ax,;3 = Ax3; components in eq. (4) produce
beam fanning by coupling the incident extraordinary
beam. whose polarization vector is in the x—z plane.
into the extraordinary fanned beams. which also have
x—2 polarization. The Ax,3 = Ax32 components pro-
duce anjsotropic scattering of the incident extraordi-
nary beam into the ring beam. which has ordinary
(») polarizatic 1. Anisotropic scattering of a beam
into the x—z plane itself cannot occur because if the
grating K Lies entirely in the x—z plane then £, = 0.
and the intensity of the anisotropically scattering
beam is zero [10]. This is evident in fig. 2b. where
the observed intensity of the conical diffraction
vanishes along the plane of incidence.

The angular posttion and shape of the diffraction
cone depend on the angle of incidence. as observed in
fig. 2b. Referring to fig. 3b. for a given incident beam
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angle 6, inside the crvstal. the diffraction angi. o n.
side the crystal in the plane of incidence cur. he ob.
tained from

2.2 2.,2-,2.2 <
novt tngw® =ngn;. (3)
where
VE2n cosb, —n, cos(B;ta;). (6)
and

=2n. si in (0. 7
w=2n, sinf, - n,sin (6; +a,). (7

~ - 202 2 2l
withn, ()= nyn,/(n; sin“6, +n3 cos=6 )" - the ef.
fective extraordinary refractive index at an incident
angle 6,

For normal incidence (6 = 8, = 0). the ez dif-
fraction angle o in the plane containing the incident
beam and the c-axis is given by

cosa; = 2ln./(ng +n,). (ta)

and for scattering in the plane containing the incident
beam but normal to the c-axis is given by

cos al=(3ne: +ng)/(4neno). (6b)

For small birefringence. eq. 8(a) is valid for an\ inci-
dent angle 8, if n, is replaced by the eficcine index
n(6,), defined after eq. (7) above.

Closed-form expressions for the diffrscuion angle a
of the ring beam outside the crvstal car be obtained
using Snell’s law. For normal incidence. assuming a
fractional birefringence much less than unity (1 ~n.)
n, = 0.025 in BaTiO;) and using small angie approxi-
mations. the external scattering angle a becomes

a‘*[no(no—ne)}l: (9)

in both planes associated with eqs. (82) and (&b). that
is. the extemnal diffraction ring is nearly circular a1
6 = 0. As a function of the incident angie 8 outside of
the crystal, the external diffraction angle a in the
plane of incidence can be obtained from a quadrati.
solution to eqs. (5)—(7) for small internal angles and
Snell's law. Out of the plane of incidence. the externa!
angle of diffraction can be determined numericaliy .
Fig. 2¢ shows the calculated shape of the diffrac.
tion rings external to the crystal using the values {17]
ny=2521andn, - n. = —0.072. Excellent agree-
ment between theory and experiment 1s seen by com-
paring figs. 2b and c. As the angle of incidence 6 1n.
creases. portions of the diffraction ring eventually un.




Volume §9. number §.6

dergo total internal reflection at the crystal's exit
face, and the rings become open-ended teardrop
shapes. as shown in figs. 2b and c.

At large scattering angles, where the diffracted ring
approaches total internal reflection (6 +a ~90° in
the plane of incidence). the precise direction of the
scattered light is a sensitive function of the bire-
fringence n, — n in the crystal. Consequently. a
measurement of a versus 6 provides a simple method
to determine the birefrinsence in a photorefractive
BaTiO; sample. This method is independent of crys-
tal length. unlike traditional methods of determining

birefringence where a phase retardation between orthe-

gonal polarizations is directly measured. Fig. 4 shows
the dependence of a on 6 for one BaTiO; sample at a
number of visible wavelengths, (from HeN¢. Ar” and
R6G-dye laser sources). Since ‘the intensity of the ring
approaches zero in the x—z plane (see eq. (4)). the
data were taken by projecting the path of the ring into
this plane. Uncertainty in the precise orientation of
the crystal’s c-axis with respect to the fabricated faces
is a possible source of error. However, we found that
rotating the crystal by 180° about the y-axis gave the
same measured values for 1he scattering angle (al-
though now in the opposite direction). as long as care
was taken to locate the angle 6 = 0° by retroreflecting
the incident beam off the back a-face of the crvstal.

50— , ‘ : .

] 2 (A, SYMBOL

4579 a

—d .

1

RING DIFFRACTION ANGLE o (deg)

INCIDENT ANGLE 6 (deg!

Fig. 4. Measured external ring diffraction angle o versus inci-
dent angle 6 as a funcuon of wavelength for one photorefrac-
tive BaT10, crystal. The solid curves are nonlinear least
squares fits to eq. (§) (a< described in the teat) and provide
the values for the birefnngence histed in taole 1.
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By performing a nonlinear least squares fit to the
data in fig. 4 using the closed-form solution 10 eg.
(5) and by assuming a value for ng [17]. the bire-
fringence n, — n, at each wavelength has been ob-
tained with an estimated accuracy of ~1.5%. The re-
sults of this fitting procedure are given in table 1 and
closely agree with the values previously reported in
the lirerature {17]. (Note: the Sellmeier coefficients
for BaTiO; reported in ref. [17] are better than
those in ref. [18] for calculating the birefringence.)
A measurement of the room-temperature birefringence
in six different BaTiO; samples [19] at A = 4880 A
gave the same value with a standard deviation of 1.4
X103, even though these crystals exhubit different
photorefractive behavior.

Muluple conical diffraction rings are observed in
photorefractive BaTiO, in two different situations.
First. if more than one beam is incident on a crystal.
extra diffraction rings appear. For example. in two-
wave mixing with two incident beams, each beam
produces its own ring via the phase-matching process
described in fig. 3. In addition. two other diffraction
rings are also present. Both of these extra rings are
due to anisotropic Bragg diffracion of either incident
beam off the photorefractive gratings generated wia
beam fanning of the other incident beam. Secondly.
a transient diffraction ring is visible when the inci-
dent angle of a single beam 1s abrupily changed. The
photorefractive gratings stored in the crystal from
beam fanning for the previous angle of incidence can
anisotropically Bragg-scatter the new incident beam

Table 1
Burefringence An = ne - ng of BaTi03 at vanous visible laser
wavelengthe.

A(A) Calculated ' Calculated 2 This work b}
ng an an
4579 2.560 -0.0791 ~-0.0777
4880 2.521 ~0.0718 -0.0693
5145 2494 ~-0.066% -0.0634
5674 2452 -0.0594 -0.089"
6003 2432 -0.0564 ~-0.0554
6328 2416 ~0.0524 ~0.0529

) Erom the Sellmeier equations given in ref. [17]

b From a nonlinear least squares fit to the 8 versus o data
shown in fi.. 4 assuming the reported value for ng histed
above,
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into a transient ring. However, as the new fanned
light and corresponding diffraction ring at the new
angle of incidence become more intense, the previous
photorefractive gratings are erased and the transient
ring disappears.

In conclusion. we have observed and explained the
appearance of conical diffraction rings. both transient
and steady state, caused by anisotropic Bragg scatter-

ing off self-induced photorefractive gratings in BaTiO;.

Since these gratings are birefringent, the polarization
of the rings is orthogona! to the extraordinary polari-
zation of the incident beam. A precise measurement

of the diffraction angle of the rings provides an accu-

rate value for the birefringence of the BaTiO; crystal.

The authors acknowledge the contribution of G.
Bates. A. Chiou, and M. Khoshnevisan from Rockwell
and W_.H. Chen of Chung Cheng dnsutute of Tech-

nology (Taiwan). This research was supported. in part.
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Using a singte self-pumped crystal of barium titanate, we demonstrate a method for producing the phase conjugate
of an incident wave having arbitrary polarization. Our experimental results show that the phase-conjugate wave
produced by this method reproduces both the ellipticity and the helicity of the polarization of the incident wave.

Monst demonstrations of the correction of wave-front
distortions by phase conjugation use linearly polarized
light and optically isotropic wave-front-distorting me-
dia. In some cases, however, one may also wish to
correct for the changes in polarization induced by op-
tically anisotropic media. For example, one may wish
to correct for the polarization scrambling due to envi-
ronmeantally dependent birefringence that is a source
of noise and signal fading in fiber-optic gyros.! Self-
pumped phase conjugation is efficient in barium tita-
nate? but only for extraordinary light since it utilizes
the large electro-optic coefficients ry, and r5;. In this
Letter we demonstrate a scheme for using a single self-
pumped crystal of barium titanate to produce the
phase conjugate of a wave having arbitrary polariza-
tion.

In general, the reflectivity of a phase-conjugz.*c mir-
ror is described by a 2 X 2 tensor that determines the
amplitude, phase, and polarization state of the reflect-
ed light. Only when this tensor reduces to a scalar can
a [ hase-conjugate mirror correct for both the wave-
front distortions and the changes in polarization in-
duced by optically anisotropic wave-front-distorting
media.? We call a phase-conjugate mirror for which
the reflectivity tensor reduces to a scalar a polariza-
tion-preserving phase conjugator (PPPC). To show
that a PPPC can correct for the change in polarization
state introduced by optically anisotropic media, con-
sider the situation of a plane wave with polarization
state described by a vector amplitude A:

A= A
= a, (D

that is incident upon an optically anisotropic medium,
followed by a phase-conjugate mirror. After the wave
passes through the anisotropic medium, the amplitude

becomes
tXX tX\
A =TA, T= [ ] '

t t (2)

VX M

where T is a Jones matrix* that describes transmission
through the anisotropic medium and where t,,, t;., ¢.,,
and t,, are the tensor elements. After the wave is
reflecied from the phase-conjugate mirre -, its ampli-
tude becomes

0146-9392,86/080525-0382.00/0

Fex Ty
A” = R(TA)*, R=[ ] ’ (3)

where R is a tensor that describes reflection from the
phase-conjugate mirror and where r,,, r,,, r\, and r,,
are the tensor elements. After the returning wave
passes back through the anisotropic medium, its am-
plitude is given by

TRT*A*. (4)

Since in general this is not proportional to the phase
conjugate of the amplitude of the incident wave, the
returning wave does not have the same polarization as
the incident wave. However, if the reflectivity tensor
reduces to a scalar r, then the amplitude of the reflect-
ed wave becomes

0

For optically anisotropic media, such as birefringent
or optically active media, the Jones matrix has the

rTT*A* forR = [’ (:] =r (5)

property TT* = 1. In this case, the amplitude of the
reflected wave becomes
rA* forR=r, TT*=1. (6)

Since this is proportional to the phase conjugate of the
incident wave, the polarization of the reflected wave is
identical to that of the incident wave. Thus we have
shown that a PPPC can correct for the change in polar-
ization state introduced by optically anisotropic me-
dia. The PPPC cannot correct for the changes in
polarization introduced by nonreciprocal phenomena
such as the Faradayv effect, where TT* = 1.

Several methods have been proposed for polariza-
tion-preserving phase conjugation.?38 PPPC’s can be
made by using media that have a tensor reflectivity, by
decomposing the incident wave into two components
having orthogonal polarizations, phase conjugating
these components, and recombining the conjugates.’
The resulf is a PPPC only if the components recom-
bine with the correct amplitude and phase. This is
ensured if the losses and the amplitudes and phases of
the complex phase-conjugate reflectivities are the
same for both components. A schematic of our PPPC
that uses this method is shown in Fig. 1. To under-
stand how it works, consider an incident wave having a

¢ 1986 Ontical Soclety of America
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Fig. 1. PPPC. Light incident upon the polarizing beam
splitter PBS is decomposed into two orthogonally polarized
components. One component is rotated 90° by the half-
wave retarder A/2. Both components are incident upon a
barium titanate crystal such that self-pumped phase conju-
gation occurs. When the two conjugates recombine at PBS,
they form a conjugate wave that reproduces the polarization
of the incident light.

polarization described by a complex vector amplitude
A = (a), as). This wave is decomposed into two or-
thogonally polarized components, (a;,0) and (0, a-), by
the polarizing beam splitter PBS. The component
with polarization orthogonal to the plane of the figure
(0, a;) has its polarization rotated by the half-wave
retarder A/2 such that its polarization state becomes
(as, 0). Both components are incident upon a barium
titanate crystal at an angle such that self-pumped
phase conjugation occurs.” Since both components
have the same polarization and are reflected from the
same phase-conjugate mirror, they experience the
same complex phase-conjugate reflectivity r, becom-
ing r(a,*, 0) and r(ay*, 0). The half-wave retarder
restores the second of these components to its original
polarization, r(0, a>*). When the two components
recombine at the polarizing beam splitter, they form
the phase conjugate with the same polarization as the
incident wave, r(a,*, a»*) = rA*. Thus the configura-
tion shown in Fig. 1 acts as a PPPC; henceforth we
refer to it as “the PPPC.”

Using the self-pumped configuration in the PPPC
results in a frequency shift between the components
incident upon the crystal and their conjugates.’?
However, since both components are incident upon
the same region of the crystal, they see the same
pumping waves, and therefore they experience the
same frequency shift and phase-conjugate reflectivity.
In fact, the two beams can be thought of as two compo-
nents of a single probe beam. In the experiment, the
two beams are made to overlap by aligning mirror M4
while observing the scattered light from the beams in
the crystal. This procedure is sufficient to obtain the
results presented here, and exact alignment is not re-
quired. The two beams interact by coherently pump-
ing the oscillation of a resonator formed by internal
reflections in the crystal.!® The counterpropagating
waves in the resonator then provide the pump waves
for degenerate four-wave mixing (DFWM). Since the
two beams entering the crystal see the same pump
waves, they experience the same DFWM reflectivity.
It should be noted that the two beams entering the
crystal must be coherent to within the response time of

the crystal. In the experiment, the path lengths from
the polarizing beam splitter to the crystal were made
equal to within the coherence length of the laser. The
excellent frequency locking!! of the conjugates when
both beams are present is indicated by the fact that no
beating is detected in the return from the PPPC.

To show that the PPPC reproduces the ellipticity of
polarized light, we use the experimental setup shown
in Fig. 2(a). A highly reflective beam splitter BS1
isolates the laser from any retroreflections of its out-
put. The polarizer P1 ensures that the light is linearly
polarized in the plane of the figure. In all the experi-
ments presented here, the power after P1is ~1 mW at
514.5 nm. Either a half-wave retarder A/2 or a quar-
ter-wave retarder A/4 is used to alter the polarization
state of the light. This licht is then reflected from
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Fig. 2. Reproduction of the ellipticity of polarized light by
the PPPC. ta) Experimental setup. A half- or quarter-
wave retarder alters the polarization state of light incident
on a normal mirror M or the PPPC. (b) Measured angle of
polarization for the reflection from the PPPC versus that
from M. (¢) Measured polarization ellipse for the reflection

from the PPPC (dotted line} compared with that from M
tsolid line).
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Fig. 3. Reproduction of the helicity of polarized light by
the PPPC. (a) Experimental setup. The quarter-wave re-
tarder A/4 is oriented such that the light incident upon M or
the PPPC is converted from linearly polarized light to circu-
larly polarized light. (b) Measured polarization ellipses for
the reflections from M and the PPPC aftcr retraversing )/4.

either a normal mirror M (multilayer dielectric high
reflector) or the PPPC. The reflected iight is sampled
by the beam splitter BS2, and it is analyzed by the
combination of polarizer P2 and detector D. Since
BS2 is an uncoated pellicle beam splitter used near
normal incidence (the angle of incidence is exaggerat-
ed in the figure; the actual angle of incidence is 2°), the
reflection coefficients for the s and p polarizations are
nearly equal and the polarization measured by P2 and
D is nearly the same as that reflected by M.

Figure 2(b) shows the measured angle of polariza-
tion for the reflection from the PPPC as a function of
the measured angle of polarization for the reflection
from the normal mirror M for various orientstions of
the half-wave retarder. Zero degrees corresponds to
polarization in the plane of the previous figures. The
open circles are the data (with diameters correspond-
ing to the uncertainty), and the solid line indicates
what is expected in the case of an ideal PPPC. The
measured ellipticity of the polarization for the light
reflected by the PPPC (defined as the ratio of the
minor polarization axis to the major polarization axis)
never exceeded 1%.

Figure 2(c) shows the measured polarization ellipse
for the reflection from the PPPC (dotted line), and the
measured polarization ellipse for the reflection from
the normal mirror (solid line), for various orientations
of the quarter-wave retarder. Zero degrees corre-
sponds to orientation of the axis of the quarter-wave
retarder in the plane of the previous figures. The
ellipticity of the reflected light is measured by rotating
polarizer P2 and noting the minimum and maximum
intensities at detector D.

The results shown in Fig. 2 demonstrate that the
reflection from the PPPC reproduces the eliip.idiiy of
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the polarization of the incident wave. To show that it
reproduces the helicity of the polarization of the inci-
dent wave, we use the setup shown in Fig. 3(a). A
quarter-wave retarder \/4 is placed between the sam-
pling beam splitter and the mirror and is oriented such
that the light incident on the mirror is converted from
linearly polarized light to circularly polarized light.
Figure 3(b) shows the measured polarization ellipses
for the normal mirror and the PPPC. Light reflected
from the normal mirror changes helicity. After the
reflected light passes back through the quarter-wave
retarder, its polarization is orthogonal to the incident
light. This is the principle by which quarter-wave
isolation works. On the other hand, light reflected by
the PPPC has the same helicity as the incident light
and returns to its original polarization state after pass-
ing back through the quarter-wave retarder.

In order to quantify how well the technique works
when there is an aberration in the beam, a multimode
fiber is placed at the position of the quarter-wave
retarder in Fig. 3(a). The multimode fiber scrambles
the polarization of the input wave. With a normal
mirror at the end of the fiber, approximately 50% of
the power returns in each of the two linear-polariza-
tion states (parallel and orthogonal to the linear input
polarization). With the PPPC at the end of the fiber,
less than 1% of the light returns with the orthogonal
polarization.

In conclusion, we have demonstrated a polarization-
preserving phase conjugator that is capable of correct-
ing for both the phase distortions and the changes in
polarization induced by optically anisotropic phase-
distorting media. Potential applications of this de-
vice include the phase-conjugate fiber-optic gyro!213
and interferometry with multimode fibers.!4

This research is partially supported by the U.S. Of-
fice of Naval Research under contract N00014-85-C-0219.

References

1. R. Ulrich and M. Johnson, Opt. Lett. 4, 152 (1979).

2. J. Feinberg and R. W. Hellwarth, Opt. Lett. 5, 519

(1980).

P. Yeh. Opt. Commun. 51, 195 (1984).

4. See. for example, A. Yariv and P. Yeh. Optical Wares in
Crystals (Wiley, New York, 1984).

5. N.G.Basov, V. F. Efimkov, 1. G. Zuberev, A. V. Kotov. S.
1. Mikhailov. and M. G. Smirnov. JETP Lett. 4, 197
(1978).

6. G.Martin. L. K. Lam. and R. W, Hellwarth. Opt. Lett. 5,
185 (1980).

7. J. Feinberg. Opt. Lett. 7, 486 (1982).

8. W.B. Whittenand J. M. Ramsev, Opt. Lett. 9, 44 (1984).

9. .J. Feinberg and G. D. Bacher. Opt. Lett. 9, 420 (1984).

0. M. Ewbank and P. Yeh. Proc. Soc. Photo-Opt. Instrum.
Eng. 613, 59 (1986).

11. M. D. Ewbank, P. Yeh, M. Khoshnevisan, and J. Fein-

berg, Opt. Lett. 10, 282 (19851.

12. C..J. Borde. in Experimental Gravitation ana Measure-
ment Theors, P. Mevstre and M. Q. Scully. eds. (Ple-
num, New York. 1983). pp. 269-291.

13. P. Yeh. L. McMichael. and M. Khoshnevisan, Appl. Opt.
25, 1029 (1986).

14. B. Fischer and S. Sternkler. Appl. Phvs. Lett. 46, 113
(1Y8H).

o>}




‘ ' Rockwell International

Science Center
SC5424.FR

APPENDIX 4.14

ABSOLUTE PHASE SHIFT OF PHASE CONJUGATORS

39
C9943DA/jbs




Absolute Phase Shift of Phase Conjugators
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Abstract

We present theoretical expressions and experimental measurements of the absolute phase
shifts of phase conjugators. Photorefractive media, transparent media, saturable absorb-
ers and saturable amplifiers are considered in the analysis. Experimental measurements of
the absolute phase shifts are presented for barium titanate, strcntius bairium niobaie angd
ruby.

Introduction

Although the reflectivity of phase conjugators has been of significant interest
recently, the phase of the phase-conjugate wave has received little attention. This phase
determines the operating point of some phase-conjugate interferometers. If this phase can
be controlled, the interferometers can be biased at the operating point of highest sensi-
tivity and linear response (quadrature). With this motivation, we have studied the
absolute phase of phase conjugators theoretically and experimentally.

Theory

We consider the usual case of degenerate four-wave mixing of two countepropagating pump
waves having amplitudes A} and A2 with a probe wave having amplitude A, propagating in the
+2 direction and & phase-conjugate wave A3 propagating.in the -z direction. Let the phase
of the phase-conjugate reflection g3, where A, = |A, el®n, be written as,

¢3 = ¢0 + ¢1 + ¢2 - ¢4 (1)

We then refer to go as the absolute phase shift of the phase conjugator. The phase shift
#0 can be obtained from the solution of the coupled-wave egquations describing the degener-
ate four-wave mixing. 1In general, go depends on the type of grating (index, absorption,
or gain) involved in the degenerate four-wave mixing, the phase shift of this grating with
respect to the light intensity pattern that produces the grating, and the intensities of
the interacting waves.

For a photorefractive medium, the comglex amplitude of the phase-conjugate wave at the
input to the medium (z = 0) is given by,

A3(0) = Ag*(0)(A /Ay *)(e” ™ - 1)/(r e b + 1) (2)
where L is the length of the medium, r is the pump-beam intensity ratio,

r o= fay/af? (3

and y is the complex coupling constant that depends on the physical process involved in
the generation of the hologram. If ones makes the usual assumption that the phase grating
in photorefractive media is shifted by =n/2 radians with respect to the intensity pattern,
then y is real and the phase shift of a photorefractive phase conjugator is

$g =0 for y < O
= g for y > 0 (4)
For degenerate four-wave mixing in a transparent medium with a local response (no phase

shift of the index grating with respect to the intensity pattern), the amplitude of the
phase-conjugate wave at the input of the medium is given by, ?

A




——->

A3(0) = -iag*(0)(|«*|/x) tan [«|L (51
where x is the complex coupling constant,
«* = (2xw/cn) xA} A, (6)

From Eguations (5) and (6), we obtain the phase of the phase conjugator for a transparent
medium with a local response,

1) -x/2 for y > 0

+w/2 for y < 0 (7)

Finally, for degenerate four-wave mixing in a saturable absorber or amplifier with a
local resgonse, the amplitude of the phase-conjugate wave at the input of the medium is

given by,
A3(0) = ~iK*A,4*{0) [sia wL/{w cos wL + ap Sin wL}] (8)
K* = igp((1-i6)/(1 + 82)] (2A}A,/Ig)/(1 + 41/1g)3/2
0 182/1g s (9)
- _ 2 3/2 _ -
a = ayl(l - i8)/(1 + &9)] (1 + 2I/Ig)/(1 + 41/1g) ag = dap (10)
+
v (k]2 - ag?)1/2 (11)

a0 is the line-center small-signal field attenuation or gain coefficient, Ig is the

¢ saturation intensity for the detuning from line center §, and I is the intensity of the
pump waves (I1 = I2 = I). If the frequency of the interacting waves is on resonance with
the atomic transition of the medium, then 6§ = 0 and w is imaginary. From Equation (8), we
obtain the phase of the phase conjugator for degenerate four-wave mixing on resonance with
a saturable absorber or gain medium,

¢0 0 for ay, > 0

= n for a5y < O (12)

Experiment

To measure the phase of the phase-conjugate reflection go, we use the experimental
setup shown in Figure 1. Light from a laser is split by beamsplitter BS into two arms of
an interferometer. 1In the reference arm of the interferometer, the light transmitted by
BS passes through a photorefractive crystal XTL, and is retroreflected by mirror Ml. This
provides the counterpropagating pump waves for degenerate four-wave mixing in the crys-
tal. 1In the signal arm of the interferometer, the light reflected by BS is then reflected
by mirror M2 to provide the probe beam for degenerate four-wave mixing. The intensity
measured by detector D is given by

I =1 +1

, 1 2 " 2/f112 cos ¢g (13)

where I] and I2 are the intensities of the combining waves. This equation indicates that
the operating point of this interferometer is completely determined by the absolute phase
of the phase conjugator ¢go, and is independent of phases of the pumping and probe waves.




D §C85-32005
)
BS
»> ] M1
XTL
M2

Figure 1. Experimental setup used to measure the absolute phase of phase conjugators.

To derive Equation (13), we consider a light wave of unit amplitude that is incident on
the beamsplitter BS. The amplitudes of the transmitted and externally reflected waves, are
then t.apd r, respectively. The amplitudes of the pumging waves at the crystal are tel
and tel®2, and the amplitude of the probe wave is rel®V, where the phase factors ¢
describe the accumulated phase for propagation from the beamsplitter to the nonlinear
medium. These three waves interact in the nonlinear medium to produce a phase-conjugate
wave with an amplitude A3,

ay = ptzr‘ei(¢° + @1 + &2 - Qu) (14)

where p is a real constant describing the reflectivity of the phase conjugator. When this
wave returns to the beamsplitter, it combines with the wave retroreflected by mirror Ml to
produce an intensity I at the detector D given by

I = |pt2rrel(Bo+ ©1+ 32) 4 (prei(@1 o2)|2 (15)

where r' is the amplitude reflection coefficient for internal reflection from the beam-
splitter, Using the Stoke's relation tr* = -t*r', we can obtain Egquation (13) from
Equation (15).

In principle, ¢go can be determined from a measurement of the intensities. However, in
practice, the uncertainties in measuring the intensities do not allow for an accurate
determination of go. A more accurate determination can be made by modulating the phase of
the cosine term at a frequency w and measuring the ration R of the fundamental power to
the second harmonic power at the detector. In the experiment, a piezoelectric transducer
is attached to the mirror M2 to produce a phase modulation ¢; sin wt. The phase modula-
tion is faster than the response time of the nonlinear medium in which the degenerate
four-wave mixing takes place so that it is not compensated by phase conjugation. The
amplitude of the phase modulation is small (g, << x) so that the gratings involved in the
degenerate four-wave mixing are not washed out. The time varying intensity at the
detector D is proportional to,

-cos(gg + &y sin wt) (16)

From this equation, we obtain the ratio R of the fundamental power to the second harmonic
povwer

R = [3}(8,)/35(8p)) tang, (17)

where J; and J2 are Bessel functions. For Fn << 1w, the absolute phase shift of the phase-
conjugate reflection is given by

#y = tan"l (Rg,/4) (18)
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Results

Using the technique described above, we have measured the phase shift of the phase-
conjugate reflections from barium titanate, strontium barium niobate and ruby. Our
results are given in Table 1, where \6 is the angle between the grating k vector and the
crystal axis. N

Table 1, Phase of Phase-Conjugate
Reflections

Material e %o
BaTil4 0° (19 ¢+ 3)°
45° (6 £ 4)°
135° (176 £ 3)°
180° (164 + 3)°
SBN 0° (3 & 3)°
180° (175 £ 5)°
Ruby - (80 ¢ 5)°

For the photorefractive materials BaTi03 and SBN, the measured values of go compare well
with the expected values from Equation (4). The difrerences between the expected values
go = 0° and 180°, and the measured values go = (19 £ 3)° and (164 + 3)° for BaTi03 at

6 = 0° and 180° indicate that the index grating is not shifted by exactly =x/2 radians, as
is often assumed. We have verified this fact by an independent measurement of the two-
wave mixing gain I' as a function of the frequency detuning between the two waves. The
fact that for ruby, go is close to 90°, indicates that the grating involved is predomi-
nantly an index grating rather than an absorption grating.

Sammary

We have presented theoretical expressions and experimental measurements of the
absolute phase shifts of phase conjugators. Photorefractive media, transparent media,
saturable absorbers and saturable amplifiers were considered in the analysis. Experi-
mental measurements of the absolute phase shifts for barium titanate, strontium barium
niobate and ruby are in good agreement with the theory.
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Parallel image subtraction using a phase-conjugate Michelson
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A phase-conjugate Michelson interferometer using an internally self-pumped barium titanate crvstal as reflectors
has been constructed to perform parallel image subtraction, intensity inversion, and exclusive OR logic operation.
These operations are independent of the optical path differences and phase aberration.

We report parallel image subtraction, exclusive OR
(XOR) logic operation, and intensity inversion using a
phase-conjugate Michelson interferometer that con-
sists of a beam splitter and a phase-conjugate reflector
in place of the usual interferometer mirrors (see Fig.
1). Such an interferometer is equivalent to the double
phase-conjugate interferometer and also exhibits time
reversal.!

Image subtraction has been a subject of consider-
able interest in signal processing. Electronic digital
processing of images is slow because of its serial na-
ture. Optical techniques offer the capability of paral-
lel processing over the entire images. The parallel
processing is versatile and inherently faster. The
technique of optical image synthesis by the addition
and subtraction of the complex amplitude of light was
first described by Gabor et al.° The basic principle
consists of spatially modulating the two images by
periodic waves that are mutually shifted by a phase of
180 deg.?+*

Although there are other techniques of image sub-
traction,>-® interferometers such as the Mach-
Zehnder or Michelson offer convenient ways for the
addition and subtraction of the complex amplitu.de of
images.®-!1 In the interferometric methods the sub-
traction is obtained by introducing the two images
symmetrically in the two arms of the interferometer
where a path difference corresponding to = phase shift
exists between them. It is known that the interferom-
eters are extremely difficult to adjust and that they
cannot easily maintain the fixed path difference. In
addition, only the center fringe is useful for image
subtraction or addition. In many cases the center
fringe is not large enough to cover all the images. The
new method of parallel image subtraction by phase-
conjugate interferometry described in this Letter
-eliminates these two problems.

In our phase-conjugate Michelson interferometer, a
plane wave with amplitude E is divided into two by the
beam splitter BS,. Each of these two beams passes
through a transparency and is then reflected by a self-
pumped BaTiO; phase conjugator.!~ '* When these
two phase-conjugated beams recombine at the beam
splitter, image subtraction is obtained at the usual
interferometer output port A (see Fig. 1). Let the

0146-9592 86/050306-03%82.00/00

reflection coefficient of the phase conjugator be .16
The image intensity at the output port A is given by

Ix,y) = IEHpI?‘It‘r’T,(x,y) +r*tT,(x, V3 ()

where r and r’ are the amplitude reflection coefficients
of the beam splitter BS. for beam incidence from the
left and right sides, respectively; ¢ is the amplitude-
transmission coefficient; * denotes complex conjuga-
tion; and T'(x, y) and Ta(x, v) are the intensity-trans-
mittance functions of transparencies 1 and 2, respec-
tively. Using Stokes’s relation!”

rFt* 4+ r*t =0, 2)
Eq. (1) for the intensity at the output port becomes
Lix.5) = |BA0l’RTI Ty(x,5) = Ty(x, 3, (3)

where R and T are intensity reflectance and transmit-
tance, respectively, of the beam splitter BS,. Note
that the output intensity is proportional to the square
of the difference of the intensity-transmittance func-
tions.

The 180-deg phase shift between the two images as
dictated by the Swokes s relation plays a crucial role in
this image-subtraction technique. The Stokes rela-
tion holds for any lossless dielectric mirror and results
directly from the time reversal. Such a relation was
first predicted by Stokes'® in the nineteenth century
and was not proved experimentally until recently by
using phase-conjugate reflectors.! The phase-conju-
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Fig. 1. Schematic diagram illustrating the basic idea of
coherent image subtraction and addition by a phase-conju-
gate Michelson interferometer.
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Fig. 2. Experimenta!l results for the image subtraction and addition by the phase-conjugate Michelson interferometer. The
horizontal and the vertical bars are the images of transparencies 1 and 2, respectively, when the illuminating beam for the other
arm is blocked. The checkerboard patterns at upper and lower right are the intensity distribution of the coherent subtraction

and addition, respectively, of the two images.

gation process also eliminates the problems of phase
distortion and the critical alignment requirement as-
sociated with conventional interferometry.

At the image plane B (see Fig. 1) the intensity distri-
bution is given by

Ig(x,y) =|E\4p|3TT,(x,y) + RTo(x, »))*.  (4)

In our experiment, an argon-ion laser (514.5 nm)
with output power of a few hundred milliwatts is used
as the coherent light source. The laser output, after
spatia' filtering through a 5X microscope objective
and a 25-um-diameter aperture, is expanded and colli-
mated to a 1-cm-diameter beam size. The collimated
beam is split into two by beam splitters BS- (intensity
transmittance, 64%) to illuminate the two transparen-
cies (the horizontal and the vertical triplet bars from
the U.S. Air Force Resolution Chart). They are then
redirected and focused (f-number, f/50) onto the a
face of a BaTiO; crystal with angles of incidence of
approximately 15 and 19 deg. These beams are polar-
ized in the xz plane (i.e., the plane of incidence) and
excite only extraordinary wave in the crystal. Both
beams self-pump the crystal and are phase conjugated
with a reflectance of about 32%. Eech of the phase-
conjugated beams retraces its incoming path back-
ward through the transparencies, and the two recom-
bine at the beam splitter BS:. Note that the beam
splitter BS; simply serves physically to separate the
output port B from the input. It is not part of the
interferometer. At each of the interferometer output
ports, a lens (f-number, f/25) is used to image both
objerts onto the image plane.

We have experimentally demonstrated that the two
images are subtracted from each other in the image
plane A and are added together in the image plane B.
These operations are independent of the optical path
lengths of the two arms of the interferometer. Ac-
cording to Eq. (4), the addition of the two images is

performed with weighing factors T and R. respective-
ly. The subtraction, however, is independent of the
ratio of R and T. Typical experimental results are
shown in Fig. 2. The horizontal and the vertical bars
in the upper photos are the images at output port
Ac(see Fig. 1) of transparencies 1 and 2, respectively,
when the illuminating beam for the other arm is
blocked. The upper right checkerboard pattern rep-
resents the coherent subtraction of the two images due
to destructive interference when both illuminating
beams are present. Note that the intensity distribu-
tion where subtraction takes place is fairly uniform
and is very close to that of the true dark background
{four dark squares where the dark regions of the bars
overlap). The lower photos are the corresponding
results at output port B where image addition takes
place.

The image subtracter can also perform logic opera-
tion. Consider the case when both transparencies are
either 1 or 0. According to Eq. (3), a complete cancel-
lation would require that these two transparencies be
identical. An output intensity of 1 will appear at port
A when only one of these two transparencies trans-
mits. Thus such an image subtracter can act as an
XOR gate. The truth table of such a logic operation is
given in Table 1. In the case when the transparencies
are encoded with a matrix of binary data, such an

Table 1. The Logic Operations Represented by the
Intensity I
T] T-_\ 1_4GTT1—T3|:
1 1 Q
1 0 1
0 1 1
0 Q 0
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Fig. 3. Experimental results for the intensity inversion: (a) intensity distribution of the phase-conjugate beam in the first
arm with the transparency removed. (b} image of the transparency in the second arm. and (¢) the intensity inversion of (bi. 1a)
I« Tyx V== ] = Tux, -t T = iTia v = Totx, 2 = |1 = Tatx, 3)-,
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Fig. 4. Temporal fluctuation of the intensitv of each image
and their coherent sub:raction for ta) a phase-conjugate
Michelson interferometer. thy a Mach-Zehnder interferom-
eter with regular mirrors. A is the signal output at the sub-
traction port.

image subtracter acts as a two-dimensional array of
NOR gates.

A special case of image subtraction is intensity in-
version. which is obtained bv removing one of the
transparencies so that the transmittance T.(x, ») be-
comes unity in one arm. The experimental result is
shown in Fig. 3.

The temporal stability of the subtracted image in-
tensities is compared in Fig. 4 for the case of an inter-
ferometer with a phase conjugator and that of one with
regular mirrors. For both cases, the centermost
square of the checkerboard pattern (the upper right in
Fig. 2) is imaged on the detector through a circular
aperture with diameter slightly smaller than the side
of the square. The temporal evolution of intensity /,
and I. is recorded in turn when the illuminating beam
in the other arm is blocked. The intensity difference
Ais then recorded when both beams are present. The
improvement in temporal stability of the subtracted
image intensity is dramatic.

In conclusion. we have demonstrated coherent im-
age subtraction, intensity inversion, and exclusive OR
logic operation using a phase-conjugate Michelson in-

terferometer. The experimental resuits can be ex-
plained theoretically by the principle of time reversal.

Similar work has been carried out independently by
Kwong et al.!? and was reported recently.

The authors acknowledge technical discussions with
M. Khoshnevisan, M. D. Ewbank, and 1. McMichael.
This research was supported partially by the U.S. Of-
fice of Naval Research under contract no. N00014-85-
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Several types of phase-conjugate gyro are proposed in the
literature.'# In this Letter, we describe a new type of fiber-
optic gyro that uses the phase-reversal property of polariza-
tion-preserving phase conjugation. Although the insensitiv-

" ity of phase-conjugate gyros to reciprocal phase shifts and

their sensitivity to nonreciprocal phase shifts such as the
Faraday effect have been reported.34 to date no one has
demonstrated rotation sensing. In this Letter, we report the
first demonstration of rotation sensing with a phase-conju-
gate gyro.

Polarizauion scrambling is a well-known source of signal
fading and noise in fiber-optic gvros. Polarization-preserv-
ing fibers and couplers must be used to decouple the two
states of polarization and hence improve the sensitivity.® In
the phase-conjugate fiber-optic gyro. a polarization-preserv-
ing phase conjugator is used to restore the severely scram-
bled waves to their original state of polarization.8® This
eliminates the signal fading and noise due to polarization
scrambling without the need for polarization-preserving fi-
ber.

Referring to Fig. 1, we consider a phase-conjugate Michel-
son interferometer® in which a fiber loop is inserted in the
arm that contains the phase-conjugate reflector *. We now
examine the phase shift of light as it propagates along the
fiber. From point A to point B, the light experiences a phase
shift of

I

where k = (27n)/\ is the wave number and L is the length of
fiber, R is the radius of the fiber coil, Q is the rotation rate. A is
the wavelength, and ¢ is the velocity of light. The second
term in Eq. (1) is due to rotation. In the return trip, the
phase shift is

+ 2=zRLQ )

.= kL
@ Ac

(2)
where we notice that the term due to rotation is reversed
because of the change in propagation direction relative to the
rotation. If there were no phase conjugation, the total
round-trip phase shift due to regular mirror reflection would
be 2kL. However. because of the phase reversal on phase-
conjugate reflection, the round-trip phkase shift becomes

MIRAOA OR
«* REFLECTOR

(=) e

N, g
FIBER LOOP
3
+

Fig. 1. Schematic drawing of the phase-conjugate fiber-optic gyvro.
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This phase shift can be measured by using the interference
with the reference beam from the other arm. Notice that as
a result of the phase reversal on reflection, the reciprocal
phase shift kL is canceled on completion of a round trip.
The net phase shift left is due to anything nonreciprocal such
as rotation.

This net phase shift is proportional to the rotation rate and
can be used for rotation sensing. In addition, if the phase-
conjugate reflector is polarization-preserving.5-f it will pro-
duce a true time-reversed version of the incident wave and
will undo ali the reciprocal changes (e.g., polarization scram-
bling, modal aberration, temperature fluctuation) when the
light completes the round trip in the fiber. Since the polar-
ization scrambling and modal aberration of multimode fibers
can be corrected by polarization-preserving phase conjuga-
tion, multimode fibers can replace the polarization-preserv-
ing single-mode fiber in this new type of gvro.

Figure 2 shows a schematic diagram of the experimental
setup used to demonstrate the phase-conjugate fiber-optic
gvro. Since this experiment does not use a polarization-
preserving phase-conjugate mirror, it does not demonstrate
the correction of polarization scrambling. However. the
experiment does measure the phase shift described by Eq.
(3). A highly reflective beam splitter BS1 isolates the argon
laser from retroreflections of its output. The light reflected
by BS2 is focused by lens L1 (60-cm focal length) into a
crystal of barium titanate to provide the pumping waves for
degenerate four-wave mixing (DFWM). The light transmit-
ted by BS2 is split into two arms of a Michelson interferome-
ter by BS5. One arm of the interferometer contains a 10-cm
radius coil of ~7 m of optical fiber. Since the phase-conju-
gate mirror in this experiment is not polarization-preserving.
we use single-mode polarization-preserving optical fiber.
Light exiting the fiber provides the probe wave for DFWM.
The c-axis of the barium titanate crystal is parallel to the
long faces of the crvstal and points in the direction of beam
splitter BS3. The pumping waves from mirrors M2 and M3
have powers of 18 and 3 mW, respectively. and their angle of
incidence is ~45°. The probe wave, exiting from the end of
the fiber loop, makes a small angle (<10°) with the pumpiig
wave from mirror M2 and has a power of 0.7 mW. Under
these conditions we obtain a phase-conjugate reflectivity of
50% and a response time of 0.1 s. The reference arm of the
interferometer is terminated by a mirror M4 mounted on a
piezoelectric transducer so that the operating point of the
interferometer can be set at quadrature. Light from both
arms combines to form complementary fringe patterns at
detectors D3 and D4. Detectors D1 and D2 measure the
powers in the recombining waves.

The fiber coil is rotated with the rest of the setup remain-
ing fixed at various rotation rates {first clockwise (CW i, then
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Fig. 2. Experimental setup of the phase-conjugate fiber-optic gyvro.
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Fig.3. Measured phase shift as a function of applied rotation rate.

counterclockwise (CCW), etc.] in a square wave fashion for
10 cvcles with an amplitude of 120°. The measured powers
from all detectors are used to calculate the average phase
shift between rotation in the CW and CCW directions of
rotation. Figure 3 shows a plot of the measured phase shift
as afunction of the rotation rate. The solid line indicates the
expected rotation-induced Sagnac phase shift. The large
uncertainty in the data is due to rapid (faster than the
response time of the DFWM) phase changes that are pro-
duced by the twisting of the fiber when the fiber loop is
rotated and that act as a source of noise.

In conclusion, we have proposed a new tvpe of fiber-optic
gvrothat uses polarization-preserving optical phase conjuga-
tion. and we have presented the first demonstration of rota-

1030 APPLIED OPTICS / Vol. 25.No 7 / 1 April 1986

tion sensing by a phase-conjugate gvro.

This research is partially supported by the Office of Naval
Research.
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Fregquency shifts of self-pumped phase conjugators
Méb. Ewbank and P. Yeh

Rockwell International Science Center
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Abstract

The reflection from most photorefractive, self-pumped phase conjugators differs in
frequency from the incident beam by a small amount (Aw/w ~ 1071%)., A theory and the
supporting experiments which explain such frequency shifts are presented. 1In our theory,
four-wave mixing is responsible for the generation of the conjugated wave where a self-
oscillation arising from photorefractive coupling provides the customary pumping beams.

The frequency of these pumping beams is determined by a resonance cavity geometry and may
be slightly different from that of the incident beam. Nondegenerate four-wave mixing using
these self-oscillating pumping beams give vise to the frequency shift of the phase-
conjugate reflection. Experimental results are in good agreement with theory.

Introduction

Self-pumped phase-conjugate reflectors!~3 using photorefractive BaTiO3; have recently re-
ceived considerable attention because 30-50% reflectivities are relatively easy to achieve
even with low-power lasers. In self-pumped (or passive) phase conjugators, the counter-
propagating pumping beams needed in the four-wave mixing process are automatically gener-
ated by light photorefractively diffracted out of the incident beam. However, the phase-
conjugate reflection is generally shifted slightly in frequency when compared to the inci-
dent beam (on the order of 1 Hz depending on intensity). This frequency shift has been
attributed to moving photorefractive gratings which Doppler shift the diffracted light.“
The physical mechanism, which 1is responsible for the moving gratings, is, however, not well
understood.

The frequency shift first manifested itself as a frequency scanning when self-pumped
BaTiOj was coupled to a dye laser.“”® Since those initial observations, numerous experi-
ments and theories involving self-pumped phase conjugators and/or photorefractive resona-
tors have addressed, either directly or indirectly, the freguency shift issue.’ 16
However, a general theory and the conclusive experiments are not available.

In this paper we present a theory and the supporting experiments which explain such fre-
guency shifts of most self-pumped phase conjugators. In our theory, self-pumped phase
conjugation results from an internal self-oscillation. The optical resonance cavity which
supports such oscillation is formed by either external mirrors or crystal surfaces. The
oscillating beams provide the counterpropagating pump beams which are required in the four-
wave mixing process. The theory shows that despite the narrow gain bandwidth of the photo-
refractive two-wave coupling, internal oscillation can still occur over a large range of
cavity length detuning. The frequency shift is proportional to the cavity length detuning.
Such a dependence is explained by a photorefractive phase shift that is due to slightly
nondegenerate two-wave mixing. The additional photorefractive phase shift compensates for
cavity length detuning and satisfies the round-trip phase condition for steady-state
oscillation.

When the self-pumping beams are spontaneously generated via photorefractive coupling in a
linear resonance cavity with two external mirrors on opposite sides of a photorefractive
crystal such as BaTiO3, we observe that the freguency shift of the phase-conjugate reflec-
tion is directly proportional to cavity~length detuning. 1In the case where the self-
pumping beams arise from internal reflections off the photorefractive crystal's surfaces,
we experimentally prove that a previous description? of the self-pumping process is inade-
quate and we show that a closed-looped resonance cavity forming inside the crystal is a
better description.

Theory

The theory is an extension of our earlier theory on unidirectional photorefractive ring
oscillators.!® In this theory, amplification owing to holographic two-wave mixing in the
photorefractive crystal is responsible for the self-oscillation. When the configuration of
the resonance cavity relative to the crystal supports bi-directional oscillation, a phase-
conjugate beam is generated via the four-wave mixing process. The pararetric two-wave
mixing gain, defined as the output to input intensity ratio, is given by!l¢




g = —lm et g Tt (1)
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where m is the ratio of the pump beam intensity to oscillating beam intensity, a is the
bulk absorption coefficient, 2 is the length of interaction y is the intensity coupling
constant, and g, is the gain where there is no loss. For crystals such as BaTiO3, this
gain can be sevéral thousand per pass. Thus oOscillation can be sustained even in cavities
with high scattering, diffraction, and/or mirror losses.

The phase shift in traversing through the photorefractive medium for the oscillating beam
is

N

n
3 Dot t a¢ ’ (2)
where 2an_t/) is the phase shift in the absence of photorefractive coupling. The addi-
tional phgse shift, A4, is due to the photorefractive two-wave coupling and is given byl®

1l +m
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where B is the phase-coupling constant.!® Note that this phase shift, A¢, is independent
of absorption losses.

According to a nonlinear model of the photorefractive two-wave mixing, these coupling
constants (i.e., 8 and y) are given by

21ml

vE A cosé sine (4)
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B = Xcose 5t (3)

where 6 is the half-angle between the pump beam and the oscillating beam. The parameters ¢
and n; can be written, respectively,

1

6 = 6, + tan™* (<) (6)

and

n, = S S— An {(7)
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1l + 0%«

where 1 is the decay time constant of the holograph grating, An
the photoinduced index change for degenerate two-wave mixing, ¢. is a constant phase shift
related to the nonlocal response of the crystal under fringe illumination, and @ is the
frequency shift between the oscillating and pumping beams. According to Eguation (1),
amplification is possible (i.e., g > l) only when y > a. Note that gain is significant
only when @1t < 1. For materials such as BaTiO3 and SBN, t is typically between 0.1 s and
1.0 s for nominal laser intensities (1-10 W/cm?). Thus, the gain bandwidth is only a few
Hertz., In spite of such an extremely narrow bandwidth, self-oscillation can still be ob-
served easily at ®"any" cavity length using BaTiO3 crystals as the photorefractive medium.
Such a phenomenon can be explained in terms of the additional phase shift (Equation (3))
introduced by the photorefractive coupling. This phase shift is a function of the oscilla-
tion frequency. For BaTiO3 crystals with vyt > 4n, this phase shift can vary from =z to +=
for a frequency drift of 4Qtr = ¢ 1. Such a phase shift contributes to the round-trip phase
shift so that the latter can be an integer times 2n, & condition required for oscillation.

s is the saturation value of
u

Concerning the initiation of the oscillation in the photorefractive resonator, like laser
oscillators, the oscillation starts from noises that are due to physical processes such as
scattering and quantum fluctuation. In photorefractive crystals, the scattering doninates
the noise contribution. At the beginning, a slight amount of light may be scattered along
the direction of the resonator. This slight amount of light will be amplified by the two-
wave mixing process in the photorefractive crystal, provided that the frequencies are not
appreciably different. As the intensity in the resonator builds up, the beam ratio param-
eter, m, decreases. The buildup of oscillation intensity leads to a saturation of the gain
(see Equation (1) where the gain decreases as m decreases). At steady-state oscilllation,




the electric field must reproduce itself, both in phase and intensity, after each round
trip. In other words, the oscillation conditions can be written as

A¢ + [ kds = 2Nn (8)
and

gR = 1 v ()
where A¢ is the additional phase shift owing to photorefractive coupling, the integration
is over a round-trip beam path, N is an integer, the parameter R represents the cavity

losses (e.g., the product of the mirror reflectivities), and g is the parametric gain of
Equation (1).

I1f we define a cavity-detuning parameter AT as
AT = 2N's - [ kds , (10)

where N' is an integer chosen in such a way that AT lies between - = and + =, then the
oscillation condition (Equation (8)) can be written as

A¢ = AT + 2Mn B (11)

where M is an integer. 1In other words, oscillation can be achieved only when the cavity
detuning can be compensated by .the photorefractive phase shift.

Equations (8) and (9) may be used to solve for the two unknown quantities m and Q. If we
fix the pump intensity and the pump fregquency, then Equations (8) and (9) can be solved for
the oscillation freguency and the osciliation intensity. Substituting Egquatiocn (1) for g
in Equation (9) and using Eguation (3), we obtain

A = g log (Re %Y . (12)

This equation can now be used to solve for the freguency shift Q. For the case of pure
diffusion, using Equation (6) for ¢ with ¢, = n/2 and Equations (4) and (5), we obtain from
Equation (12)

-2 Ag o CR2(AT + 2M=m)
af - log R af - log R

Rt = (13)

where AT is the cavity detuning and is given by Eguation (10). Substituting Eguation (1)
for g in Equation (9), we can solve for m and obtain

-al
me=—327Re ) (14)
Re~%1_e"V1

Since m must be positive, we obtain from Equation (14) the threshold condition for
oscillation

Yt > y t £ at - log R (15)

where y, is the threshold parametric gain constant. Since y is a function of frequency @,
Equation (15) dictates that the parametric gain is above threshold only in a finite spec-
tral regime. Using Equation (1) for y, Equation (15) becomes

172
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where y, is the parametric gain at ¢ = 0. Equation (16) defines the spectral regime where
the parametric gain y is above threshold (i.e., y > yt).

We have obtained expressions for the oscillation freguency (Equation (13)}) and the spec~
tral regime where the gain is above threshold. The self-oscillation will be sustained only
when the parametric gain is greater than the round-trip cavity loss and the oscillation
frequency falls within this spectral region. The frequency shift 1s determined by Equation
(13), with AT being the cavity detuning given by Egquation (10). According to Eguations




(15) and (16), the resonator can be made to fall below threshold by decreasing the
reflectivity, R. When this happens, oscillations ceases.

The AT in Equation (10) is the cavity detuning and is defined between -x and n=. However,
the photorefractive phase shift (3) can be greater than x. When this happens, the internal
oscillation may occur at more than one frequency. These frequencies are given by Eguation
(13}, with M = 0, %1, #2,... etc. 1In other words, for each cavity detuning AT, the resona-
tor can support multimode oscillation, provided the coupling constant Yo is large enough.
Note that when y,t is large compared to the natural logarithm of the cavity losses, the
resonator can oscillate at almost any cavity detuning AT; whereas when yol is small, oscil-
lation occurs only when the cavity detuning is limited to some small region around AT = 0.

The interdependence of the cavity length detuning and the frequency shift between the
oscillating and pumping beams is a general property of photorefractive resonators. Such
frequency shifts have been measured in unidirectional ring resonators and self-pumped phase
conjugators using external mirrors.!® In these two types of resonators, the cavity length,
cavity losses and two~-wave mixing gain (via crystal orientation) can be varied in a con-
trolled fashion. The results, described below, show that the frequency shift of the self-
oscillation is directly proportional to cavity length detuning for both of these resonators
in excellent agreement with the above theory.

In self-pumped prnase conjugator using internal reflections, bi-directional internal
oscillations must simultaneously be present. These two counterpropagating beams act as the
customary pumping beams of the four-wave mixing process. 1f each of these pumping beams is
frequency shifted by Q, then the generated phase conjugate beam has a freguency shift of 20
as required by conservation of energy.

Experiments

Unidirectional Ring Oscillator

Before describing the frequency shift experiments with self-pumped phase conjugators,
let's first review similar experiments performed on a unidirectional ring oscillator!® with
only two~wave mixing photorefractive gain. The optical arrangement is shown in Figure 1
where two-wave mixing in BaTiO3 couples light from an argon ion laser into the unidirec-
tional ring cavity, formed by two planar mirrors (M), and M2 with the former being piezo-
electrically (P2T) driven) and a planar beamsplitter (BS3). The unidirectional oscillation
in the ring cavity (confined to a single mode by the pinhole aperturel!?) is sampled via the
output coupler BS3, its intensity being measured at detector D; and the frequency shift
between the self-oscillating and pumping beams being determined interferometrically using
complementary fringe patterns at detectors D2 and Ds.
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Figure 1 Optical setup for a photorefractive unidirectional ring resonator with variable
cavity length. Two~wave mixing coupling in BaTiO3 provides the gain for self-
oscillation. The beat frequency between the pumping and self~oscillating beams
is derived from the motion of the interferograms at D; and Ds.

Figure 2a shows the beat frequency, along with the ring cavity oscillation intensity, as
a function of P2T mirror position or cavity detuning. A slow ramping rate of the FIT mir-
ror is used to mimic steady-state for the two-wave mixing process in the slow photorefrac-
tive BaTiO; while, at the same time, permitting a controlled variation of the ring cavity
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Figure 2 Characteristics of the unidirectional self-oscillation as a function of ring
cavity length (i.e., P2T voltage or cavity detuning where 100t implies a
detuning of one full optical wave): (a) ring cavity intensity (right) and
beat-frequency signature (left); (b) freguency difference between the self-
oscillation and pumping beam (solid line is a linear least sguares fit to
data).

length. The fregquency difference between the pump beam and the unidirectional oscillation,
as observed in the time-variation of the fringe pattern intensity shown in Figure 2a, is
clearly related to position of the P2ZT mirror. When the mirror is exactly at the correct
position (here, arbitrarily assigned to be the "origin"), the fringe pattern is stationary,
i.e., no freguency shift. The farther the PZT moves away from this "origin," the faster
the fringe motion and, hence, the larger the frequency difference, until the self-
oscillation ceases (recall Equation 16 above). Figure 2b shows the linear dependence of
the frequency difference on cavity detuning, determined from the time intervals between the
maxima in the beat-freguency signature. This dependence agrees with Equation (13). Minor
deviations from the linear behavior could be due to air currents or the nonlinear response
in the PZT. Note that the observed beat-frequency signhature vs cavity length also repro-
duces itself periodically as the PIT mirror moves every half optical wavelength (see
Equation (11)).

In the above experiment, unidirectional oscillation is observed only when the ring cavity
length is "tuned” to an appropriate length by the PIT mirror and the beat frequency between
the unidirectional oscillation and pumping beam is directly proportional to the cavity
length detuning. These observations are explained by the theory presented above. Specif-
ically , self-oscillation occurs only when the two-wave mixing gain, which is a function of
the frequency shift, is sufficient to overcome the cavity losses and when the ring cavity
roundtrip optical phase reproduces itself (to within an integer multiple of 2n).

Self-Pumped Phase Conjugator with External Linear Cavity

The fregquency shifts in the self-pumped phase conjugator with two external mirrors form-
ing a linear cavity are observed to be very similar to those described above for the unidi-
rectional ring resonator. Specifically, both the sign and magnitude of the frequency shift
can be controlled by the linear cavity length detuning. The optical setup is shown in
Figure 3 where light from a single incident beam is photorefractively coupled by the BaTiO;
crystal into the linear cavity formed between two highly reflecting beam splitters (BSg and
BS9). This self-oscillation serves as the counterpropagating pumping beams in a tradi-
tional four-wave mixing geometry to phase conjugate the incident beam.!
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Figure 3 Optical setup for a self-pumped phase conjugator with external linear cavity.
Photorefractive coupling in BaTiO3 generates the self-oscillations in the
resonant cavity (with variable length) formed by beam splitters BSs and BSg.
The beat freguencies for the phase-conjugate reflection and both of the two
counter-propagating self-oscillations (relative to the incident beam) are
derived from the motion of the interferograms at D;, D2 and D3, respectively.

While only two-wave mixing occurs in the unidirectional ring oscillator previously des-
cribed, both two- and four-wave mixing are occurring simultaneously in this self-pumped
phase conjugator with external mirrors forming a linear cavity. The photorefractive cou-
pling process is considerably more complicated in this latter situation.

As illustrated in Figure 3, the frequency shifts (relative to the incident beam) appearing
on the phase-conjugate reflection and the two counterpropagating self-oscillations are si-
multaneously measured at detectors, Dj, D2 and D3, using the same interferometric technigues
described in the unidirectional ring oscillator experiment. The resulting beat-fregquency
signatures, as a function of linear cavity length detuning, are shown in Figure 4§ for the
phase-conjugate reflection and one self-oscillating beam. Note that the other counter-

propagating self-oscillation beat-fregquency signature appears identical to the one shown.
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Figqure 4 Self-pumped phase conjugator with external linear cavity: Dependence of
the beat freqguencies (relative to the incident beam) for the phase-conjugate
reflection (top) and one self-oscillation (bottom) on cavity length detuning.
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Regarding the beat-frequency signatures shown in Figure 4, two important features are
evident. First, the frequency shift of the phase-conjugate reflection is exactly a factor
of two larger than that of either self-oscillation. In fact, this is simply the conserva-
tion of energy constraint for sligthy nondegenerate four-wave mixing when the two counter-
propagating pump beams are the same frequency.!® Second, the signs and magnitudes of the
beat frequencies of the phase-conjugate reflection and the counterpropagating self-
oscillations depend on the external linear cavity length detuning, similar to the unidirec-
tional ring oscillator. That is, the beat frequencies are directly proportional to the de-
tuning (see Equation (13)), becoming faster and faster as the cavity length detuning in-
creases or decreases away from the length that gives no freguency shift.

Two additional observations concerning the beat-freguency signatures are not shown in Fig-
ure 4. First, if the cavity length detuning is increased or decreased far enough, the self-
oscillation ceases because the freguency shift required by the phase oscillation condition
could not be supported by the slow response time of the photorefractive BaTiO3 (i.e., the
threshold condition for oscillation as described by Equation (16)). Second, the beat-fre-
quency signatures are periodic in cavity length detuning with the entire patterns repeating
for every half wavelength change in P2ZT beam splitter position (see Equation (l11)). Note
that both of these effects are also present in the unidirectional ring resonator.

Self-Pumped Phase Conjugator with Internal Reflections

The self-pumped phase conjugator, where the "pumping beams" for the four-wave mixing
process arise entirely from internal reflections at the crystal faces instead of erternal
mirrors, is the simplest self-pumped phase conjugator configuration? since it does not
require any additional optical components. This self-pumped phase conjugator also exhibits
a freguency shift in its phase-conjugate reflection."

We have speculated that the freguency shift observed in this self-pumped phase conjugator
using internal reflections is due to the "oscillation conditions" (see Equations (8§) and
{9)) involving an optical resonance cavity,!3¢!6 just as in the unidirectional ring oscilla-
tor and in the self-pumped phase conjugator with an external linear cavity described above.
A number of experiments investigating the self-pumped phase conjugator with internal reflec-
tions provide conclusive evidence that the aforementioned speculation is indeed the case.

In the first experiment where the optical setup is shown in Figure 5, the frequency shift
of the phase-conjugate reflection is compared to frequency shifts on the internal self-
pumping beams. The beat freguency of the phase-conjugate reflection is determined in the
usual way (i.e., interferometrically) at detector, D;. The fregquency shifts on the inter-
nal self-pumping beams are inferred by observing the beat freguency for the scattered light
that emanates from the primary self-pumping corner of the crystal. Upon interfering with a
portion of the incident beam as shown in Figure 5, this scattered light forms a discernable
fringe pattern at detector, Dz, only after it is spatially filtered to some deqree by an
aperture.

The results of this frequency shift comparison are shown in Figure 6. During the period
where the frequency shift of the phase-conjugate reflection is constant, the beat-freguency
signature of the scattered light is also reasonably consistent considering the poor quality
of the fringe pattern used to make the determination. After taking the average of the time
intervals between maxima in the beat-freguency signatures, we note that the freguency shift
of the phase-conjugate reflection is approximately twice that of the scattered light. Just
as with the self-pumped phase conjugator with an external linear cavity, this factor of two
results from conservation of energy for slightly nondegenerate four-wave mixing (assuming,
of course, that the frequency shift of the scattered light is the same as the fregquency
shift of the internal pumping beams). The deviation from two may be due to a multimode
oscillation inside the crystal.

Unlike the unidirectional ring resonator and the self-pumped phase conjugator with an
external linear cavity, any resonant cavity length in the self-pumped phase conjugator
using internal reflections cannc: be varied by simply moving a PIZT mirror as was done
previously. Any resonant cavity in the self-pumped phase conjugator with internal reflec-
tions is completely contained inside the photorefractive crystal. 1In a second experiment,
attempts have been made to systematically vary the internal cavity length via thermal
expansion by controlling the temperature.l!® The results of this investigation are cur-
rently inconclusive because small changes in temperature (< 1°C) induce instabilities in
the frequency shift and intensity of the phase-conjugate reflection. We speculate that
these instabilities are due to competition between the multiple spatial resonant cavity
modes supported by a variety of internal reflections from the crystal surfaces. 1In the
unidirectional ring oscillator and the self-pumped phase conjugator with an external linear
cavity, the spatial modes of the resonance cavities were well-defined by the pinhole aper-
ture. In this experiment with the self-pumped phase conjugator using internal reflections,
it is impossible to place an aperture inside the crystal for mode selection.
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Figure 5 Optical setup for a self-pumped phase conjugator using internal reflections.
Photorefractive coupling and internal reflections from the BaTiO3 crystal
surface automatically generate the self-pumping beams inside the crystal.

The beat frequencies for the phase-conjugate reflection and the light scattered
from the primary self-pumping corner (relative to the incident beam) are
derived from the motion of the interferograms at D) and Dz, respectively.
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Figure 6 Self-pumped phase conjugator using internal reflections off crystal faces:
correlation of the beat frequencies (relative to the incident beam) for the
phase-conjugate reflection (top) and the light scattered from the primary
self-pumping corner (bottom).

In a third experiment, we conclusively show that the old model?r12:20 for the self-pumped
phase conjugator using internal reflections in BaTiO3 is incorrect and that the phase
oscillation condition associated with a closed-loop resonance cavity is applicable to the
self-pumped phase conjugator using 1ntetnal reflections, as well as the greviously des-
cribed photorefractive resonators.!5 The picture of the o0ld model?r12:20 for the self-
pumped phase conjugator using internal reflections in BaTiO3 is schematically illustrated
in Figure 7. Simply stated, this model assumed a pair of four-wave mixing interaction
regions where two counterpropagating {and mutually phase-conjugated) self-pumping beams
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Figure 7 Schematic diagram for the self-pumped phase conjugator using internal
reflections off{ crystal faces, showing the pair of four-wave mixing
reglions where tre incident beams interact with the self-purping beans
to generate the phase-conjugate reflectaion.

underwent total internal reflection in one corner (the primary self-pumping corner) of the
BaTi03 crystal. Using this model, the incident bear and its phase-conjugate reflection can
also serve as the four-wave mix:ing "pumging beams" to produce the doutle-phase-conjugate
oscillation®’? between the two interaction regions which make up the self-pumping beams.

The accuracy of this o0ld model?r12+2C can be ascertained by exarining the pictures shown
in Figure 8. An actual micrograph of the interacting beams in self-pumped BaTi03 is shown
in Figure B8a and tends to support the old model. However, by increasing the exposure time
by a factor of ten in the same micrograph, it becomes evident that more than the two self-~
pumping beams are present, as shown in Figure B8t.

(a)

Figure 8 Microscope photographs of self-pumping process using internal reflections
in a crystal of BaTiC3, (a) 12 s exposure showing only the primary self-
pumping beams along with the incident beam, (b) 120 s exposure showing
primary and secondary self-pumping beams along with the incident bear and
(c) 120 s exposure after painting lower-left crystal face black showing the
incident beam and the broad fan of photorefractively scattered light. Note
that the phase-conjugate reflection and all self-pumping beaTe vanished
after painting even though primary self-pumping corner (right corner) was not
painted or changed in any way.




Finally, we have proven that these secondary beams which are apparent in Figure 8b are
absolutely crucial to the operation of the self-pumped phase conjugator using internal
reflections. It has been suggested that the surface reflectivity in photorefractive BaTiO3
can be modified by painting the crystal faces.l!’2] We attempted to reduce the reflectiv-
ity of the lower-left surface of the crystal, as indicated in Figure 8c, by covering its
entire width (all the way to the corners) with Krylon ultra-flat black paint, thereby
attempting to eliminate the secondary beams shown in Figure 8b. When this painting was
carried out "in-situ®™ (i.e., without disturbing the optical alignments used to obtain the
self-pumping beam pictures shown in Figures 8a and 8b), not only did the secondary beams
disappear, but the phase-conjugate reflections and primary self-pumping beams also vanish
(as can be seen in Figure 8¢c) even though primary self-pumping corner of the BaTiO3 crystal
remained undisturbed. Only a broad fan of photorefractively scattered light, along with
the incident beam, remains visible in Figqure 8c. This observation agrees with our theory.
According to Equation (16), the threshold oscillation condition depends on the roundtrip
mirror reflectivity R. By decreasing the refectivity R, the internal cavity falls below
threshold and thus oscillation dies. Furthermore, after painting, the crystal would not
self-pump in any orientation (i.e., at any angle or position of the incident beam). This
conclusively shows that self-pumping in BaTiO3 involves more than the internal reflections
from just one corner and that the old model?'12:20 for the process is not correct. Also,
the resonator model for the self-pumped phase conjugator using internal reflections which
we proposed is consistent with the series of pictures shown in Figure 8.

Summary

In conclusion, we have presented a general theory and the supporting experiments which
explain the freguency shifts of self-pumped phase conjugators. The cause of the slight
frequency shifts (~ 1 Hz) observed in both the photorefractive unidirectional ring resona-
tor and the self-pumped phase conjugator with an external linear cavity is uneguivocally
established!® and is well understood. 1In addition, the grevious description of the self~-
pumped phase conjugator using internal reflections?+12+20 js proven inadeguate. We view
all photorefractive, self-pumped phase conjugators which exhibit a frequency shift in the
phase-conjugate reflection as being almost equivalent. Note that only two known photo-
refractive, self-pumped phase conjugators do not show the ~ 1 Hz frequency shifts: the
ring conjugator??2'23 and the stimulated-backscattering (2k-grating) conjugator.?“ The
self-pumped phase conjugators which do exhibit a freguency shift all employ some sort of
resonant cavity (using only internal reflections from crystal surfaces or using only ex-
ternal reflections from ordinary mirrors or using a combination of both) toc automatically
generate the self-pumping beams. Because a closed-loop resconance cavity forms, the fre-
quency shift on the phase-conjugate reflection is dictated by the phase oscillation
condition for this resonance cavity.
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Amplification owing to holographic two-wave mixing in photorefractive crystals can be utilized to achieve unidirec-
tional ring oscillation. Unlike for the conventional gain medium (e.g.. He-Ne}. the gain bandwidth of photorefrac -
tive two-wave coupling is verv narrow (a few hertz for BaTiO;). Despite this fact. the ring resonator can still
oscillate over a large range of cavity detuning. A theory is presented that describes how the osciliating mode attains

the round-trip phase condition.

INTRODUCTION

The photorefractive effect in electro-optic crvstals te.g..
BaTiO.. LINbO; has been widelv studied for many applica-
tions. These include real-time holography. optical data
storage. and phase-conjugate wave-front generation. Re-
cently. increasing attention has been focused on using coher-
ent signal beam amplification in two-wave mixing. These
new applications include image amplification.! vibrational
analysis.” nonreciprocal transmission.** and laser-gvro bias-
ing.® The coherent signal beam amplification in two-wave
mixing can also be used to provide parametric gain for unidi-
rectional oscillation in ring resonators. Although such an
oscillation has been observed by using a BaTiO; crystal in a
ring resonator.b a general theory is not available. The pres-
ent state of the theory does not address such problems as the
round-trip phase condition or even oscillation frequency.

In this paper we describe a theorv of parametric ring
oscillation using holographic two-wave mixing in photore-
fractive crvstals. The theory shows that oscillation can oc-
cur at almost any cavity length despite the narrow-band
nature of the coherent two-wave coupling gain. provided
that the coupling is strong enough. A similar situation also
occurs in phase-conjugate parametric oscillators.” The the-
ory also provides explicit expressions for the oscillation fre-
quency. intensity. and threshold conditions.

FORMULATION OF THE PROBLEM

Referring to Fig. 1. we consider an optical ring resonator
consisting of three partially reflecting mirrors. A photore-
fractive medium. which is pumped by an external laser
beam. is inserted into the cavity. Toinvestigate the proper-
ties of such oscillators. we must first treat the problem of
two-wave coupling in photorefractive media. This problem
has been formulated and solved by many workers.®> 1" How-
ever. most work has been focused on the degenerate two-
wave mixing. For the purpose of developing our theory, we
need to address nearly degenerate two-wave mixing.

Let us focus our attention on the region occupied by the
photorefractive crystal. so that the electric field of the two
waves can be written as

E = Atpexplith -r—w ]+ cc. j=1,2 (h

07403224 857121924-05802.00

where z is measured along the bisector of the two beams. k,
and k. are the wave vectors of the beams, and c.c. denotes a
term that is the complex conjugate to the first term. In Eq.

(1), we assume for simplicity that both waves have the same

state of polarization and the photorefractive medium does
not exhibit optical rotation. A, and A. are the wave ampli-
tudes and are taken as functions of z only for steadv-state
situations.

In the photorefractive medium (from zero to z = I}, these
twowaves generate an interference pattern (traveling if w) =
«;). This pattern may generate and redistribute photocar-
riers. As aresult, a spatial charge field (also traveling if «;
= wo)is created in the medium. This field induces a volume
index grating by means of the Pockels effect. In general. the
index grating will have a finite spatial phase shift relative to
the interference pattern.® so that. following the notation of
Ref. 11. we can write the fundamental component of the
intensity-induced grating as

n AA”
n=n,+—] e"'—l;expi(K-r-QH]+c.c. R
{ 9 1

n

where
Io=1,+1,=1A)"+ |42 (3)

¢ is real and n, is a real and positive number. K = k, — k..
and ¢! = «; — w.. Here again. for the sake of simplicity, we
assume a scalar grating. The phase ¢ indicates the degree to
which the index grating is shifted spatiallv with respect to
the light interference pattern. According to Ref. 1. v and n,
can be written. respectively, as

o= ¢, + tan” Q) 4

and

9

(14 Q29! -

n, An,. (51
where 7 is the decav time constant of the holograph grating.
An, is the saturation value of the photoinduced index
change. and ¢, is a constant phase shift related to the nonlo-
cal response of the cryvstal under fringe illumination. Both
parameters An_and ¢, depend on the grating spacing (2x /K
and its direction as well as on the materiai properties of the
crystal, e.g.. the electro-optic coefficients. Expressions for
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Fig. 1. Schematic drawing of a unidirectional photorefractive ring
resonator.

An, and ¢ can be found in Refs. 10 and 12. In photorefrac-
tive media. e.g.. BaTiO3, that operate by diffusion only (i.e.,
no external static field) the magnitude of o is #/2, with its
sign depending on the direction of the ¢ axis.

Now, by using expression (2) for n and the scalar-wave
equation and by using the parabolic approximation (i.e.,
slowly varving amplitudes), we can derive the following cou-
pled equations:

d .y L @
— A =i —%A,"A, — = A,
dz ! M, cosﬂe g T
d .oy 2 a
— A, =i —— ¢ %A, "A. - = A, 5
d: ! M, cos # eI A 2 Az ©)

where 6 is the half-angle between the beams and a is the
absorption coefficient.
We now write

Ay =1 explid))

A, = T, expliy,), (7)
where , and . are phases of the amplitudes 4, and A,.
respectively. Using Eqs. (7) and (3), the coupled Egs. (6)
can be written as

d I)I-)
] —y — = 1,
dz ' '+, ™
d L,
— I, = = al,,
R 711+12 al, (8)
and
d I
TR Y
d l)
= , =3 -
& ¢, I+, (9)
where
2rn, |
3= - sino. (10
A Ccos ¢
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0s 0. (11)

Acosf

The solutions for the intensities I,(z) and I.(z) are

-1
1,(2) = 1,(0) =5 e (12)
1+ mle
+
Iz} = [,0) -+ gmaz, (13)
1+ me™*
where m is the input intensity ratio
1,(0)
m = . (14)
1,0)

Note that in the absence of absorption (a = 0), I3(z) is an
increasing function of z and /,(z) is a decreasing function of
2. provided that v is positive. The sign of y depends on the
direction of the c axis. Asaresult of the coupling fory > Qin
Fig. 1. beam 2 gains energy from beam 1. If this two-wave
mixing gain is large enough to overcome the absorption loss,
then beam 2 is amplified. Such an amplification is responsi-
ble for the oscillation.

With /,(z) and I»(z) known. the phases §, and {; can be
integrated directly from Eqgs. (9). The phase shift in tra-
versing through the photorefractive medium for beam 2 is

2
Tn01+¢2(1)—¢2(0). (15)

where 2rnol//\ is the phase shift in the absence of photore-
fractive coupling. The additional phase shift

AY = 4,1 = ¥,5(0), (16)

which is due to the photorefractive two-wave coupling, can
be obtained by integrating Eqs. «9). Substituting Egs. (12)
and (13) into Egs. (9) for I, and [, respectively, we obtain
Y 3dz -
A = (l)-—¢<,(0)=f——~- (17)
¥ ¢2 - o1+ m-len
Note that this photorefractive phase shift is independent of
the absorption coefficient a. Carrying out the integration in
Eq. (17), we obtain

J 1+m
Ay =, (D =y, (0V= —=log| ———— }- (18)
(AE v Y 8 (1 + me"')
Equations (18} and (13) can now be used to investigate the
properties of the unidirectional ring oscillation.

OSCILLATION FREQUENCY AND INTENSITY

In a conventional ring resonator, the oscillation occurs at
those frequencies

f=.‘\'£-

L N = integer (19)

that lie within the gain curve of the laser medium (e.g., He-
Ne). Here, L is the effective length of a complete loop and N
is a large integer. For L < 30 cm. these frequencies [Eq.
{19)] are separated by the mode spacing ¢/L 2 1 GHz. Since
the width of the gain curve for the conventional gain medium
is tvpically several gigahertz. principally because of Doppler
hroadening. oscillation can occur at almost any cavity length
L. On the contrary. if the bandwidth of the gain curve is
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Fig. 2. Photorefractive gain g as a function of Qr for various values
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Fig. 3. Photorefractive phase shifi A! as a function of {r for
various values of m.

narrower than the mode spacing ¢/L. then oscillation can be
sustained, provided that the cavity loop is kept at the appro-
priate length.

Unlike in the conventional gain medium, the bandwidth of
the photorefractive two-wave mixing is very narrow. By
using photorefractive crystals. e.g.. BaTi0,. that operate by
diffusion only. the coupling constant can be written. accord-
ing to Eqs. (4). (5). and (10}, as

7 =1./[1 + (20} (20}
where 4 is the coupling constant for the case of degenerate
two-wave mixing (i.e., ? = w); — w,; = 0) and is given by

4rlin,

. 21)
A cos# (

Yo =

In deriving Eq. (20). we have used /2 for ¢ in Eq. (4).
The parametric two-wave mixing gain can be defined as
1.(h
=i LM (22)
1,000 14 me™!

where we recall that m is the input beam ratiom = I,(0)/i (0
and /s the length of interaction. Note that amplification (g
> 1) is possible only when 3 > aand m > (1 — e~ ®/)/1e~ ¢ —
e~ 7). Also note that g is an increasing function of m (i.e.,
0g/6m > 0) and g is an increasing function of /. provided that
3 > aand
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Isllog[m(’ -“—']~ (23)
Y Q

The gain as a function of frequency w» (or equivalently as a
function of = & = w») is plotted in Fig. 2 for various values
of m. Note that gain is significant only when [w; — wjr < 1.
For materials such as BaTiO; and SBN 7 is between 1 and
0.1 sec. Thus the gain bandwidth is only a few hertz. In
spite of such an extremely narrow bandwidth. unidirectional
oscillation can still be observed easily at anv cavity length in
ring resonators by using BaTiO; crystals as the photorefrac-
tive medium.!?> Such a phenomenon can be explained in
terms of the additional phase shift |[Eq. (18)] introduced by
the photorefractive coupling. This phase shift is a function
of the oscillation frequency and is plotted in Fig. 3 as a
function of Qr. For BaTiO; crystals with yo/ > 4r. this
phase shift can vary from —= to += for a frequency drift of
AQr = 1. Such a phase shift is responsible for the oscilla-
tion of the ring resonator, which requires a round-trip phase
shift of an integer times 2x.

OSCILLATION CONDITIONS

It is interesting to note the initiation of the oscillation. Like
laser oscillators, the oscillation of this ring resonator starts
from noises that are due to physical processes such as scat-
tering and quantum fluctuation. In photorefractive crystals
the scattering dominates the noise contribution. At the
beginning. there mayv be a slight amount of light scattered
along the direction of the ring resonator. This slight
amount of light will be amplified by the two-wave mixing
process in the photorefractive crvstal, provided that the
frequencies are not appreciably different. As the intensity
in the resonator builds up. the parameter m. defined by Eq.
(14), decreases. The buildup of oscillation intensity leads to
a saturation of the gain (see Fig. 2: the gain decreases as m
decreases}. At steadv-state oscillation. the electric field
must reproduce itself. both in phase and intensity. after each
round trip. In other words. the oscillation conditions can be
written as

Ay + J kds = 2N~z (24)
and
gR =1, (25)

where Ay is the additional phase shift owing to photorefrac-
tive coupling. the integration is over a round-trip beam path,
the parameter R is the product of the mirror reflectivities.
and ¢ is the parametric gain of Eq. (22).

If we define a cavitv-detuning parameter AT as

AT = 2N’z = { kds. (26)

where N’ is an integer chosen in such a wayv that AT lies
between —r and +=. then the oscillation condition (Eq. (24)]
can be written as

Ay = AT + 2M 7, 27)

where M is an integer. In other words. oscillation can be
achieved only when the cavitv detuning can be compensated
for by the photorefractive phase shift.
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Fig. 4. Oscillation intensity and frequency as functions of cavity
detuning AT for various values of v,l.

Equations (24) and (25) may be used to solve for the two
unknown quantities m = [1(0}/I-(0) and @ = w; — wy. If we
fix the pump intensity I;(0) and the pump frequency w;,
then Egs. (24) and (25) can be solved for the oscillation
frequency w-» and the oscillation intensity /5(0). Substitut-

ing Eq. (22) for g in Eq. (25) and using Eq. (18), we obtain

A¢ = - 3 log(Re™"). (28)
Y

This equation can now be used to solve for the oscillation
frequency Qr. For the case of pure diffusion, using Eq. (4}
for o with ¢p = /2 and Egs. (10) and (11}, we obtain from
Eq. (28)

=28y _ —2AT + 2Mn)
al —logR al —log R

Qr =

(29)

where AT is the cavitv detuning and is given by Eq. (26).
Substituting Eq. (22) for g in Eq. (25). we can solve for m and
obtain

_ Loy — Rem!

= = 30
13‘0) Re—u[ — e-'\l

m

Since m must be positive. we obtain from Eq. (30) the
threshold condition for oscillation

sU>9,0=al —logR, (31

where 5, is the threshold parametric gain constant. Since v
is a function of frequency Q. Eq. (31) dictates that the para-
metric gain is above threshold only in a finite spectral re-
gime. When Eq. (201 is used for 4. Eq. t31) becomes

~ 1
Qr < - -1} . (32)
! (u[ - logR )

where we recall that v, is the parametric gain at 2 = w; — >
= (. Inequality (32) defi:es the spectral regime where the
parametric gain 4 is above threshold (i.e.. vy > v,).

We have thus far obtained expressions for the oscillation
frequency [Eq. (29)] and the spectral regime where the gain
is above threshold. The ring resonator will oscillate only
when the oscillation frequency falls within this spectral re-
gion. The oscillation frequency w» = w; — 1 is determined
by Eq. (29, with Al being the cavity detuning [Eq. (261},
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The same oscillation frequency must also satisfy expres-
sion (32). Thus we obtain the following oscillation condi-

tion:
2,A¢! Yol 12
SL AP | . (33)
al-logR |al-logR
which can also be written as
vol > vl + il (24¢)2= G, (34)
Ye

where v, is the threshold parametric gain of Eq. (31) for the
case when Ay = 0 and G, may be considered the threshold
gain for the case when Ay = 0. According to Eq. (34). the
threshold gain increases as a function of the cavity detuning
AT, The cavity detuning AT not only determines the oscil-
lation frequency [{Eq. (29)] but also determines the threshold
gain G,.

The AT in Eq. (26) is the cavity detuning and is defined
between —7 and . However, the photorefractive phase
shift [Eq. (18)] can be greater than =. When this happens,
the unidirectional ring resonator mayv oscillate at more than
one frequency. These frequencies are given by Eq. (29,
withM =0, £1. £2...., etc., and with their corresponding
threshold gain given by

Gl=q0+ il (2a¢ + 2Mm)? - (35)
’

In other words, for each cavityv detuning AT, the ring resona-
tor can support multimode oscillation. provided that the
coupling constant ¥y, is large enough. Figure 4 shows the
oscillation intensity as well as the oscillation frequency as
functions of cavity detuning AT. Note that for larger y¢/ the
resonator can oscillate at almost any cavity detuning AT,
whereas for small vo/ oscillation occurs only when the cavity
detuning is limited to some small region around AT = 0.

CONCLUSION AND DISCUSSION

In conclusion. we have derived a theorv of unidirectional
ring oscillators using parametric photorefractive two-wave
mixing. By using the simple coupled-mode theory, we ob-
tain an expression for the photorefractive phase shift. Such
a photorefractive phase shift can compensate for cavity de-
tuning and thus can allow the oscillation to occur. Accord-
ing to this theory, the oscillation frequency will be slightly
detuned from the pump frequency. Such a frequency offset
is necessary to produce the photorefractive phase shift to
compensate for the cavity detuning. The photorefractive
phase shift is proportional to the coupling constant. Thus,
when materials with a large coupling constant (e.g.. BaTiO4)
are used, oscillation can occur at almost anv cavity detuning.
Such a theoryv has been validated by the author and his co-
worker.’ The same theorv can also be applied to linear
oscillators and thus can be emploved to explain the frequen-
cv shift of self-pumped phase conjugators.513
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Frequency shift and cavity length in photorefractive resonators

\
M. D. Ewbank and P. Yeh

Rockwell International Science Center. Thousand Qaks, California 91360

Received April 22, 1985; accepted July 22, 1985

Photorefractive resonators exhibit an extremely small frequency difference (Aw/w ~ 10~1%) between the oscillating
and pumping beams. The observed frequency difference is proportional to cavity-length detuning. This depen-
dence is explained by a photorefractive phase shift that is due to slightly nondegenerate two-wave mixing that com-
pensates for cavity detuning and satisfies the round-trip phase condition for steadv-state oscillation. The mea-
sured onset or threshold of oscillation as a function of photorefractive gain and intensity agrees with theory.

Despite the attention that self-pumped phase conju-
gators and optical resonators utilizing photorefractive
BaTiO; have received recently,!-3 two dilemmas remain
unresolved. First, self-pumped phase conjugation in
BaTiOj; exhibits a slight frequency shift (~1-Hz),+7?
attributed to a Doppler shift from moving photore-
fractive phase gratings.? Second, resonators using
photorefractive gain media apparently oscillate at any
optical cavity length.48 In this Letter we show that
these two dilemmas are interrelated and reveal the or-
igin of the moving gratings and frequency shifts.

For simplicity, consider a unidirectional ring oscil-
lator with photorefractive two-wave mixing providing
the gain. The optical arrangement (Fig. 1) is chosen
because only two-wave mixing occurs. The frequency
difference between the unidirectional oscillation beam

. and the pump can be controlled by small changes (<X
in ring-cavity length. In fact, both the sign and the
magnitude of the frequency shift exhibit a one-to-one
correspondence to the cavity-length detuning.

The above observations are predicted by a theory for
unidirectional photorefractive ring resonators.? Os.
cillation occurs when the two-wave mixing gain domi-
nates cavity losses and the round-trip optical phase
reproduces itself (to within an integer multiple of 27).
The condition oi phase is unique because of a signifi-
cant aptical phase shift owing to nondegenerate two-
wave mixing. This condition is satisfied at any cavity
length if the oscillation frequency is detuned from the
pump frequency, since the photorefractive phase shift
depends on the detuning. The frequency difference (2
between the pumping and oscillating beams is?

Q =~ [2(AT + 2mm)/74), (1)

where AT is the cavity-length detuning with respect to
an integer multip'e of optical pump waves in the cavity,
m is an integer, 7 is the photorefractive time response,
and A represents the total cavity loss. There are
threshold conditions for oscillation involving cavity loss
and gain (taking m to be zero):

19 < (1/7)(yL/A — 1)1/ (2a)
[AT] < (A/20yL/A - 1)1/2, (2
where v is the degenerate two-wave mixing coupling
coefficient, where L is the interaction length, and A =

0146-9592/85/100496-0352.00/0

—In(RT,Tp) {with R the product of the reflectivities of
the cavity mirrors and output coupler; T the trans-
mission through the BaTiO3 sample accounting for the
absorption, Fresnel reflections, and scattering (or beam
fanning); and T, the effective transmission through the
pinhole aperture].

This theory predicts that the unidirectional ring
resonator will oscillate at a frequency different from the
pump frequency by an amount directly proportional to
the cavity-length detuning. Furthermore, in a photo-
refractive material with moderate slow 7, the theory
postulates a threshold where oscillation will cease if the
cavity detuning (frequency difference) becomes too
large.

The experiments performed to examine the above
theory will now be discussed in detail. Referring to Fig.
1, a single-mode argon-ion laser (514.5 nm) serves
multiple purposes: It pumps the BaTiO; erystal with
the beam reflected from BS; and focused by lens L, (F
= 700 mm) to a beam diameter of 0.5 mm at the crystal,
it is a reference beam to determine interferometrically
the relative frequéncy of the ring-cavity oscillation at
BS;, and it provides an accurate method to align the
ring-cavity components (unblocking the beam reflected
from BS,) by monitoring the Fabry-Perot peaks when
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Fig. 1. Optical setup for the photorefractive unidirectional
ring resonator with variable cavity length. The beat fre-
quency between the self-oscillation and pump beams is de-
rived from the motion of the interferograms at D; or Dj.
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Fig. 2. Characteristics of the unidirectional self-oscillation
as a function of ring-cavity length (i.e.. PZT voltage or cavity
detuning, where 100% implies a detuning of one full optical
wave): (a) ring-cavity intensity (right) and beat-frequency
signature (left); (b) frequency difference between the self-
oscillation and the pumping beam.

rapidly scanning the piezo mirror PZT-M;. Two-waveé
mixing in BaTiOj3 couples light into the unidirectional
ring cavity, formed by two planar mirrors (M; and M)
and a planar beam splitter (BS3), even when the align-
ment beam is blocked. The ring-cavity beam is sam-
pled through the output coupler BS;, its intensity being
detected at D, while the beat frequency between it and
the pumping beam is determined using complementary
fringe patterns formed at detectors D> and D;. Without
a ring-cavity pinhole aperture, unidirectional oscillation
is observed at any cavity length. However, dynamically
unstable multiple spatial modes are evident*1? in the
fringe patterns at D2 and D;. To obtain a single mode
(and clean fringe patterns), a 200-um pinhole is placed
in the ring cavity.

The basic premises of the theorv® are verified by
slowly ramping the PZT voltage and observing the beat
frequency, along with the ring-cavity oscillation in-
tensity. Typical results are shown in Fig. 2(a) for an
80-mW pump beam incident at 40° from the ¢ axis of
BaTi0O; and at 20° from the oscillating beam (both an-
gles are external in air). A triangle waveform (ampli-
tude 250 V and period 10,000 sec) drives the PZT. The
slow PZT scanning rate approximates steady-state
two-wave mixing in BaTiO3 while simultaneously per-
mitting a controlled variation of the cavity length.

The unidirectional ring-cavity intensity versus cavity
length [Fig. 2(a)] indicates threshold gain conditions
[expressions (2a) and (2b)]. The beat frequency be-
tween oscillating and pumping beams, as observed in
the time variation of the fringe-pattern intensity [Fig.
2(a)], clearly corresponds to the position of the PZT-M,.
This beat frequency is not simply due to the Doppler
shift caused by the moving PZT-M, since this Doppler
shift is 3 orders of magnitude smaller than the observed
beat frequency. When M, is exactly at the correct po-
sition (chosen as the origin), the fringe pattern is sta-
tionary, i.e., there is no frequency shift. As M; moves

— -
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away from this origin, the fringe motion becomes faster
and the frequency difference increases. Figure 2(b)
shows the linear dependence of the frequency difference
on cavity detuning with the ramping period equal to
20,000 sec for improved resolution. This frequency
difference is estimated from the beat-frequency signa-
ture [similar to Fig. 2(a)] by measuring the time interval
between intensity maxima.

The frequency difference changes sign as M, slowly
moves through the origin. The frequency of oscillation
is upshifted with respect to the frequency of the
pumping beam when the position of M, is negative,
corresponding to a decrease in ring-cavity length from
that where no frequency shift occurs. The observed
sign is consistent with the sign of the phase shift be-
tween the light intensity pattern and index modulation
that determines the direction of energy exchange in
two-wave mixing.

The beat-frequency signature [Fig. 2(a)] is also a
periodic function of PZT mirror position. The
Fabry-Perot peak spacing detected at D, during
alignment of the passive ring cavity calibrates the PZT
motion (~50-V/free-spectral range for 514.5 nm). The
observed beat-frequency signature reproduces itself
with a M, displacement of every ~ A/2, as expected (i.e.,
a cavity length detuning periodicity of A).

Experimentally, the frequency threshold for oscilla-
tion is approximately a linear function of the pump-
ing-beam intensity, as shown in Fig. 3(a). According
to Eq. 2(a), this frequency threshold is inversely pro-
portional to 7, but 7 can be approximately proportional
to the inverse of the pump intensity (assuming that the
cavity intensity is negligible by comparison) when the
photoconductivities dominate.!! Therefore, the ob-
served dependence [Fig. 3(a)] agrees with theory.

The oscillation conditions for the unidirectional ring
resonator are dependent on the two-wave mixing gain
(vL) in the photorefractive medium. <L is varied by
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Fig. 3. Ogcillation threshold behavior for the unidirectional
ring resonator: (a) maximur:- beat frequency as a function
of pumping-beam or ring-cavity power along with a linear fit
(solid line); (b) maximum beat frequency (left) and cavity
detuning (right) as a function of two-wave mixing gain, YL,
where 7L is related to the external angle that the pumping
beam makes the crystal's ¢ axis as shown (top scale). Note:
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PINHOLE
1

BaTiO3

Fig. 4. Self-pumped phase conjugator using external re-
flectors to generate the self-oscillation with a frequency shift
6 and the phase-conjugate reflection with a frequency shift
26, where 0 is proportional to the linear cavity length.

rotating the BaTiO; crystal with respect to the pumping
and oscillating beams.!2 When the gain is too small, no
unidirectional oscillation is observed, regardless of ring-
cavity length. For yL just above threshold, two pro-
nounced differences are evident, contrasting with yL
large. First, the amount of cavity detuning that is ac-
commodated before oscillation ceases is greatly reduced.
Second, the maximum frequency difference between the
pumping and oscillating beams is much less. The
quantitative trends of these two effectsare given in Fig.
3(b) for a pump power of 80 mW. -

The threshold oscillation conditions given in ex-
pressions (2a) and (2b) agree with the data [Fig. 3(b)].
The solid curve associated with the left-hand scale of
Fig. 3(b) is generated from expression (2a) for A = 5.1
and 7 = 0.53 sec. This cavity-loss factor, A, is estimated
independently from R = 0.99 X 0.91 X 0.81 (for M, M,
and BS;, respectively), T; = 0.52 and T, = 0.016 (for
a cavity length of 50 cm). Accumulating these contri-
butions gives A = 5.2, in excellent agreement with the
observed 5.1. The right-hand scale of Fig. 3(b) shows
the dependence of threshold cavity detuning (i.e., the
maximum detuning that will still support self-oscilla-
tion) on yL, along with the prediction from Eq. 2(b),
where Al is normalized by 27. Remarkable agreement
is obtained using A = 5.1 from Fig. 3(a) and no adjust-
able parameters.

The interdependence of the optical cavity length and
the beat frequency between the oscillating and pumping
beams is a general property of photorefractive resona-
tors. These results are not unique to the optical setup
shown in Fig. 1. Similar behavior is observed with other
configurations. First, the orientation of the BaTiO;
crystal in Fig. 1 can be altered so that the pumping and
oscillating beams enter the a face but in such a way that
no self-pumping occurs.* Second, the BaTiQj3 can be
replaced by crystals of strontium barium niobate!3.14
(nominally undoped and cerium doped). Third, alin-
ear resonator (Fig. 4) acts as a self-pumped phase
conjugator.! The observed frequency shift of the
phase-conjugate beam is exactly twice that of the self-
oscillation, which is necessary to satisfy energy con-
servation for slightly nondegenerate four-wave mixing.!"
In all three variations, the measured frequency differ-
ences correlate with cavity length detuning; results
equivalent to those shown in Fig. 2 are obtained.

Finally, consider another self-pumped phase conju-
gator, in which the four-wave mixing pumping beams
arise from internal reflections at the crystal faces in-

(s

stead of external mirrors.*? A resonance cavity con-
taining the self-pumping beams is formed from the in-
ternal reflections off the crystal surfaces (but the cavity
length cannot be systematically varied and the spatial
modes cannot be restricted with an aperture). The
frequencies of the beams can again be compared inter-
ferometrically. One self-pumping beam is monitored
using the uncollimated light escaping the crystal’s cor-
ner during reflection. Preliminary experiments indi-
cate that the phase-conjugate beam sometimes exhibits
a frequency shift exactly double that of a self-pumping
beam, just as in Fig. 4. Even though four-wave mixing
is occurring in all cases of self-pumped phase conjuga-
tors, two-wave mixing might be the dominating process
in determining the oscillation conditions necessary for
generating the self-pumping beams.

In conclusion, the frequency difference between the
self-oscillating and pumping beams in the unidirectional
ring resonator experimentally depends on the optical
cavity length. This dependence supporis a theory? that
uses a photorefractive phase shift associated with
slightly nondegenerate two-wave mixing to satisfy the
round-trip phase-oscillation condition for the reson-
ating beam. Similarly, the observed frequency shifts
in other photorefractive resonators, including self-
pumped phase conjugators, may also be explained by
the same mechanism.

The authors acknowledge discussions with M.
Khoshnevisan and A. Chiou of Rockwell International
Science Center and J. Feinberg of the University of
Southern California.
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Multimode Fiber Gyro Using A Mutually Pumped Conjugator
\'.

Ian McMichael, Paul Beckwith, and Pochi Yeh

Rockwell Internatonal Science Center

ABSTRACT
The lack of a coherence requirement in mutually pumped phase conjugation is used to
construct a multimode fiber gyro that uses the preferred technique of fast phase modulation for

biasing.

SUMMARY
Phase-conjugate fiber-optic gyros (PCFOG) use phase conjugation to compensate for
> reciprocal phase changes due to thermal and mechanical effects on the fiber, while at the same time

allowing for the measurement of the nonreciprocal phase shift produced by rotation. Where the
best standard fiber-optic gyros require polarization-preserving fibers and couplers to avoid
polarization scrambling that is a source of noise and signal fading, the PCFOG can avoid this
problem by using polarization preserving phase-conjugation. This has the advantage of allowing
for the use of inexpensive nonpolarization preserving, and even multimode fibers and components.
We previously demonstrated rotation sensing with a PCFOG using multimode fiber and a
self-pumped phase-conjugate mirror. However, to form a grating in the self-pumped conjugator,
the two inputs to the conjugator (the two counterpropagating outputs from the fiber) must be
coherent to within the response time of the conjugator. As a result, this configuration cannot use
the preferred technique of fast phase modulation for biasing. We have solved this problem by
constructing a PCFOG using a mutually pumped conjugator that does not require coherence
between its two inputs. Demonstrations of rotation sensing will be presented.

This research is supported by the U.S. Office of Naval Research under contract

N0014-85-C-0219.
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RECENT ADVANCES IN PHOTOREFRACTWE NONLINEAR OPTICS
(Invited Paper)

Pochi Yeh
Rockwell International Science Center
Thousand Qaks, California 91360

ABSTRACT

There have been several significant new developments in
the area of photorefractive nonlinear optics during the past few
years. This paper briefly describes some of the important and
interesting phenomena and applications.

1.0 INTRODUCTION

The photorefractive efiect 1s a phenomenon in which the local index of
refraction is changed by the spatial variation of light intensity. This spatial index
variation leads to a distortion of the wavefront and is referred to as "“Optical
Damage."! The photorefractive effect has since been observed in many electro-
optic crystals, including LiNbO;, BaTiO;, SBN, BSO, BGO, GaAs, InP, and CdTe.
This effect arises from optically generated charge carriers which migrate when
the crystal is exposed to a spatially varying pattern of illumination with photons
of sufficient energy.2,3 Migration of charge carriers produces a space-Charge
separation, which then gives rise to a strong space-charge field. Such a field
induces a change in index of refraction via the Pockels effect.* Photorefractive
materials are, by far, the most efficient media for optical phase conjugations,é
and real-time holography using relatively low intensity levels (e.g., 1 W/cm?).

2.0 TWO-WAVE MIXING

When two beams of coherent radiation intersect inside a photorefrac-
tive medium, an index grating is formed. This index grating is spatially shifted by
n/2 relative to the intensity pattern. Such a phase shift leads to nonreciprocal
energy transfer when these two beams propagate through the index grating. The
hologram formed by the two-beam interference inside the photorefractive media
can be erased by illuminating the hologram with light. Thus dynamic holography is
possible using photorefractive materials.”’,8 Some of the most important and
interesting applications are discussed as follows.

Laser Beam Cleanup

Two-wave mixing in photorefractive media exhibits energy transfer
without any phase crosstalk.%,!¢ This can be understood in terms of the
diffraction from the self-induced index grating in the photorefractive crystal.
Normally, if a beam that contains phase information w(r,t) is diffracted from a
fixed grating, the same phase information appears in the diffracted beam. In self-
induced index gratings, the phase information ¥(r,t) is impressed onto the grating
in such a way that diffraction from this grating will be accompanied by a phase
shift -y(r,t). Such a self-cancellation of phase information is equivalent to the
reconstruction of the reference beam when the hologram is read out by the object
beam. Energy transfer without phase crosstalk can be employed to compress both
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the spatial and the temporal spectra of a light beam.!?® This has been
. demonstrated experimentally using BaTiO; and SBN crystals. 9-11

Photorefractive Resonators

The beam amplification in two-wave mixing can be used to provide
parametric gain for unidirectional oscillation in ring resonators. The oscillation
has been observed using BaTiO; crystals.!? Unlike the conventional gain medium
(e.g., He-Ne), the gain bandwidth of photorefractive two-wave mixing is very
narrow (a few hertz's for BaTiO;). Despite this fact, the ring resonator can still
oscillate over a large range of cavity detuning. This phenomenon was not well
understood until a theory of photorefractive phase shift was developed.!3 This
theory also predicts that the unidirectional ring resonator will oscillate at a
frequency different from the pump frequency by an amount directly proportional
to the cavity-length detuning. Furthermore, in a photorefractive material with
moderately slow response iiine 1, the theory postulates a threshold where oscilla-
tion will cease if the cavity detuning becomes too large. The theory has been
validated experimentally in a BaTiO; photorefractive ring resonator.!%

Optica! Nonreciptocity

It 1s known in linear optics that the transmittance as well as the phase
shift experienced by a light beam transmitting through a dielectric layered
medium is independent of the side of incidence.!s This is no longer true when
photorefractive coupling is present. Such nonreciprocal transmittance was first

. predicted by considering the coupling between the incident beam and the reflected
beam inside a slab of photorefractive medium.}é The energy exchange due to the
coupling leads to an asymmetry in the transmittance. In the extreme case of
strong coupling (yL >> 1), the siab acts as a "one-way" window. Nonreciprocal
(optical ) transmission has been observed in BaTiO; and KNbO;:Mn crystals, 17716
In addition, there exists a nonreciprocal phase shift in contra-directional two-
wave mixing. Such nonreciprocity may be useful in applications such as the
biasing of ring laser gyros.18,19

Conical Scattering

When a laser beam is incident on a photorefractive crystal, a cone of
light (sometimes several cones) emerges from the crystal. This has been referred
to as Photorefractive Conical Scattering. It is known that fanning of light occurs
when a laser beam is incident on a photorefractive crystal.20 Because of the
strong two-beam coupling, any scattered light may get amplified and thus lead to ~.
fanning. In conical scattering, the noisy hologram formed by the incident light
and the fanned light further scatters off the incident beam. The fanning hologram
consists of a continuum of grating vectors, but only a selected portion of grating
vectors satisfies the Bragg condition for scattering. This leads to a cone of
scattered light. Photorefractive conical scattering has been observed in several
different kinds of crystals.21-23

Cross-Polarization Two-Wave Mixing

Cubic crystals such as GaAs and InP exhibit significantly faster photo-
refractive response than many of the oxide crystals. In addition, the isotropy and
the tensor nature of the electro-optic coefficients allow the possibility of cross-
polarization two-wave mixing in which the s component of one beam is coupled to
the p component of the other beam and vice versa. A coupled mode theory of

2
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photorefractive two-wave mixing in cubic crystals was developed.?* The theory
predicts the existence of cross-polarization two-wave mixing in crystals posses-
sing a point group symmetry of 43m. Such a prediction was validated experi-
mentally using photorefractive GaAs crystals.?25-27 Cross-polarization two-wave
mixing provides extremely high signai-to-noise ratios in many of the applications
which employ photorefractive two-wave mixing.

Photorefractive Optical Interconnection

A new method of reconfigurable optical interconnection using photore-
fractive dynamic holograms was conceived and demonstrated.?8 Reconfigurable
optical interconnection using matrix-vector multiplication suffers a significant
energy loss due to fanout and absorption at the spatial light modulators. In the
new method, the nonreciprocal energy transfer in photorefractive media is
employed 1o avoid the energy loss due 10 fanout. The result is a reconfigurable
optical interconnection with a very high energy efficiency. The interconnection
can be reconfigured by using a different SLM pattern. The reconfiguration time is
limited by the formation of holograms inside the crystal. Once the hologram
which contains the interconnection pattern is formed, such a scheme can provide
optical interconnection between an array of lasers and an array of detectors for
high data rate transmission.

3.0 OPTICAL PHASE CONJUGATION

Optical phase conjugation has been a subject of great interest because
of its potential application in many areas of advanced optics.“-6 For nonlinear
materials with third-order susceptibilities, the operating intensity needed in four-
wave mixing is often too high for many applications, especially for information
processing. Photorefractive materials are known to be very efficient at low
operating intensities. In fact, high phase conjugate reflectivities have been
observed in BaTiOj crystals with very low operating power. In what follows, we
will briefly describe some of the most important and interesting recent
developments.

Self-Pumped Phase Conjugation

A class of phase conjugators which has received considerable attention
recently are the self-pumped phase conjugators.!2,29 In these conjugators, there
are no externally supplied counterpropagating pump beams. Thus, no alignment is
needed. The reflectivity is relatively high at low laser power. These conjugators
are, by far, the most convenient phase conjugate mirrors available. Although
several models have been developed for self-pumped phase conjugation,30-3% the
phenomena can be easily understood by using the resonator model.!3,1%,35 In this
model, the crystal is viewed as an optical cavity which supports a multitude of
modes. When a laser beam is incident into the crystal, some of the modes may be
excited as a result of the parametric gain due to two-wave mixing. If the incident
configuration supports bi-directional ring oscillation inside the crystal, then a
phase conjugate beam is generated via the four-wave mixing. The model also
explains the frequency shift of these conjugators.3s

Mutually Pumped Phase Conjugators

Another class of phase conjugators consists of the mutually pumped
phase conjugators (MPPC) in which two incident incoherent beams can pump each

3
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other to produce a pair of phase conjugate beams inside a photorefractive
crystal. The spatial wavefronts of the beams are conjugated and the temporal
information is exchanged. The phase conjugation requires the simultaneous
presence of both beams. Recently, conjugators were demonstrated experimentally
using two incoherent laser beams in BaTiO,.36,38,39 These phenomena can be
explained in terms of either hologram sharing39,40 or self-oscillations3?? in a four-
wave mixing process or resonator model.*?!

Phase Conjugate Michelson Interferometers

We will now consider a Michelson interferometer which is equipped with
phase conjugate mirrors. Such an optical setup is known as a phase conjugate
Michelson interferometer and has been studied by several workers.“2-44 By virtue
of its names, this interferometer exhibits optical time reversal. Consequently, no
interference is observed at the output port. The output port is, in fact, totally
dark.“* Such an interferometer is ideal for paralle! subtraction of optical images
because the two beams arriving at the output port are always out of phase by .
This has been demonstrated experimentally using a BaTiO; crystal as the phase
conjugate mirrors.*> Using a fiber loop as one of the arms, such an interfero-
meter can be used to sense nonreciprocal phase shifts.“¢ A phase conjugate {iber
optic gyro has been built and demonstrated for rotation sensing using BaTiO;
crystals,»7,48

Phase Conjugate Sagnac Interferometers

Using the mutually pumped phase conjugators mentioned earlier, a new
type of phase conjugate interferometer was conceived and demonstrated.*9 In the
new interferometer, one of the mirrors of a conventional Sagnac ring inter-
ferometer is replaced with a MPPC. Such a new interferometer has a dual nature
of Michelson and Sagnac interferometry. As far as wavefront information is con-
cerned, the MPPC acts like a retro-reflector and the setup exhibits phase con-
jugate Michelson interferometry and optical time reversal.“ As for the temporal
information, the MPPC acts like a normal mirror and Sagnac interferomeitry 1s
obtained. Such a new phase conjugate interferometer can be used to perform
parallel image subtraction over a large aperture. With optical fiber loops inserted
in the optical path, we have constructed fiber-optic gyros and demonstrated the
rotation sensing.

Other Developments Related to Photorefractive Nonlinear Optics

In addition to those described above, there are other significant
developments. These include polarization-preserving conjugators,5° phase shifts
of conjugators,$! optical matrix algebra,s? fundamental limit of photorefractive
speed,®3 nondegenerate two-wave mixing in ruby crystal,** and nonlinear Bragg
scattering in Kerr media.%5
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Phase-Conjugate Ring Interferometer

Ian McMichael, M.D. Ewbank and Pochi Yeh
Rockwell International Science Center
1049 Camino Dos Rios
Thousand Oaks, CA 91360
(805) 373-4508

ABSTRACT
We describe a ring interferometer which incorporates a mutually-pumped phase conjugator
as one of the mirrors. As expected, this interferometer acts like a Sagnac interferometer, but with a
wide field-of-view and wavefront distortion correction. An unexpected nonreciprocal phase shift.

introduced by the mutually-pumped phase conjugator, is also observed.
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Phase-Conjugate Ring Interferometer

Tan McMichael, M.D. Ewbank and Pochi Yeh
Rockwell International Science Center
1049 Camino Dos Rios
Thousand Oaks, CA 91360
(805) 373-4508

SUMMARY

Referring to Fig. 1, we describe an interferometer that employs one of the recently
discovered mutually-pumped phase conjugators!-23 (MPPC's) as a mirror in a Sagnac ring
configuration. Light incident on one side of the MPPC exits from the opposite side. In this sense,
the MPPC acts like a reflector and, consequently, the phase-conjugate ring interferometer (PCRI)
shown in Fig. 1 behaves like a Sagnac ring interferometer. However, the light exiting from each
side the MPPC is the spatial phase conjugate of the light incident on that side. Therefore, unlike a
Sagnac, the PCRI has a large field-of-view and can correct for wavefront distortions; thus, the
PCRI resembles a phase-conjugate Michelson interferometer.

To demonstrate these features, we set up the PCRI shown in Fig. 1 using a "bird-wing"
MPPC with photorefractive barium titanate.3 We found that 15% of the total power exits from the
output port of the interferometer. This contrasts what occurs when the MPPC is replaced by a
self-pumped conjugator where less than 1% exits from the output.# For a typical Sagnac
interferometer, with no nonreciprocal phase-shifts present, the percentage of power at the output is
given by,

(T-R)2x100% (1)
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where T and R are the intensity transmission and reflection coefficients of the beamsplitter. For
our beamsplitter with T = 2/3, R = 1/3, Eq. 1 gives 11%. This was verified by replacing the
MPPC with a normal mirror. There are two possibilities why the output of the PCRI is higher than
that for the Sagnac interferometer: a nonreciprocal transmission and/or a nonreciprocal phase shift.

Initially, neither of these two possibilities seems plausible since the configuration used for the

"bird-wing" PCRI was very symmetric.

To investigate this nonreciprocal behavior, we set up the PCRI shown in Fig. 2. Light
incident on the interferomcter_.has linear polarization at 45° to the plane of incidence. With no
nonreciprocal elements in the interferometer, the output should also be linear polarization at 45° to
the plane of incidence. A nonreciprocal transmiission will rotate the polarization of the output from
45°, and a nonreciprocal phase shift will change the polarization from linear to elliptical. For the
bird-wing PCRI, the output is at 45° to the plane of incidence, indicating that the transmission 1s
reciprocal. However, the output polarization is elliptical. The measured ratio of the intensity along
the minor axis to that along the major axis is 6% and this indicates a nonreciprocal phase shift of
30°. Again, this contrasts what occurs when the MPPC is replaced by a self-pumped conjugator,
where the polarization of the output is identical to the input to within 1%, both in angle, and in
ellipticity.>

To compare the results of our second experiment with the first, we consider a Sagnac
interferometer with no nonreciprocal transmission, but a nonreciprocal phase shift 8. In this case,
the percentage of power at the output is given by,

[(T-R)2+2TR(1-cosd)]x100% . (2)
Using our values of T and R from the first experiment, and our value of 8 from the second. Eq. 2
N gives 17% which is reasonably close to the value of 15% measured in the first experiment.

Consequently, these experiments indicate that the PCRI acts like a Sagnac interferometer with a
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nonreciprocal phase shift.

The wide field-of-view of the PCRI is demonstrated by the fact that in the first experiment
the two beams were lightly focussed into the bird-wing MPPC, and we were able to do image
subtraction by placing transparencies in the two beams. We also demonstrated the ability of the
bird-wing PCRI to sense nonreciprocal phase shifts by placing a Faraday modulator in the
interferometer. Both of these applications (i.e., image subtraction and nonreciprocal phase-shift
sensing) of the PCRI have been previously mentioned.2

This research is supported, in part, by the U.S. Office of Naval Research under contract

NO00014-85-C-0219.
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" FIGURE CAPTIONS

1. Phase-conjugate ring interferometer used in the first experiment. Light from a laser is split by
beamsplitter BS into two beams, one is reflected by mirror M, and both are incident on a
mutually-pumped phase conjugator MPPC.

2. Phase-conjugate ring interferometer used in the second experiment. Light from a laser with
polarization at 45° to the plane of incidence is split by polarizing beamsplitter PBS into two
beams, one is reflected by mirror M and has its polarization rotated by the half-wave retarder

A/2, and both are incident on a mutually pumped phase conjugator MPPC.
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